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Part A: Synthesis of iron sulfur clusters as models for primordial life 
1. Introduction to iron sulfur clusters 
 
1.1 Iron sulfur cluster 
The iron sulfur clusters, as the name depicts, are ensembles of the elements of iron 
and sulfur, which most of time are discussed in the framework of iron sulfur proteins 
that are characterized by the presence of iron-sulfur clusters. Different combinations 
of iron and sulfur centers give rise to a variety of types of clusters, some of which 
have widely biological activities.[1] Among them, the iron-sulfur cubane cluster 
attracted the attention of a wide range of scientists because the cubic [Fe4S4] core is 
found in biological systems as the active site of several non-heme iron proteins such 
as high potential proteins and ferredoxins. And most of these clusters have thiolates as 
supporting ligands and therefore can be classified as inorganic clusters; there is 
another large class of iron-sulfur clusters in which the cluster core is surrounded by 
soft organic ligands via iron-carbon bonds and can be classified as organometallic 
clusters.[2] The investigation of novel ligands of iron sulfur clusters demonstrated that 
the chemical modification could change the redox potential and can give rise to new 
scientific research about metal cluster chemistry.[3] 
 
As a matter of fact, a series of enzymes belong to iron sulfur protein, such as NADH 
dehydrogenase, coenzyme Q-cytochrome c reductase, succinate - coenzyme Q 
reductase hydrogenases and nitrogenase.[4]  Because the first iron sulfur cluster was 
found in the oxidation-reduction reaction, so in the beginning of its study, the 
knowledge of the functional property of iron sulfur cluster was limited to its 
electron-transfer aspect. Now, the evolution of metal cluster chemistry expands the 
functional properties, as they not only just have electron-transfer property, but also 
contain other non-redox functions.[1][2] 
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The development of biochemical research widens utilization of iron sulfur cluster in 
different scientific fields. Some of the scientific research have been utilized to form 
one kind of hypothesis, such as Professor Wächtershäuser’s “Iron Sulfur World 
Theory”, first proposed just a couple of years ago, which aims to give a plausible 
explanation about the origin of life with the concept of “metabolism-first”.[5] And the 
“Iron Sulfur World Theory” is consistent with a large number of data, obtained by 
modern biochemistry and scientific experiments. 
 
1.2 Category of iron sulfur cluster 
In the last few decades, more and more iron sulfur clusters have been identified and 
characterized. According to the structural characterization of iron sulfur center or 
numbers of iron, scientists gave different categories. Generally speaking, there are 
two main categories. The first classification of iron sulfur clusters is based on the 
steric structure of the iron sulfur center, including cubic analogue sites and linear 
analogue sites and so on. The second classification, which most of scientists adopted, 
is according to the formula of core, comprising rubredoxin site analogues, analogues 
of binuclear [Fe2S2] sites, analogues of trinuclear [Fe3S4] sites, analogues of 
tetranuclear [Fe4S4] sites, penta-nuclear sites and higher nuclearity cluster 
analogues.[5] 
  
1.2.1 Rubredoxin site analogues 
The rubredoxins, a class of mono iron containing proteins, play an important role in 
metabolism. Sometimes, they are discussed as iron sulfur proteins and sometimes not, 
because of the absence of inorganic sulfide. Only one iron atom is present in the 
structure of rubredoxins analogues and coordinates with four cysteine residues, such 
as compound a shown in Figure 1. The oxidation states of rubredoxin site analogue 
clusters are I or II.  
 10
 
 
Figure 1. Iron sulfur clusters[3] 
 
1.2.2 Binuclear [Fe2S2] sites analogues 
The binuclear sites clusters are the simplest system for iron sulfur clusters. In their 
core of structures, two irons, connected with two sulfurs to form a bridge by covalent 
bonds, could coordinate with four cysteine residues; this family includes 
putidaredoxin, terpredoxin, adrenodoxin and so on.[6][7][8][9] The oxidation states of 
[Fe2S2] clusters are II or III. Examples of this analogue are b1 and b2 in Figure 1. 
 
1.2.3 Tetranuclear [Fe4S4] sites analogues 
The first iron sulfur cluster belonging to analogues of tetranuclear sites, which was 
identified in the 1970s, and most of the iron sulfur clusters, identified from 1972-1977, 
contain a typical cubane-type structure,[3] and attracted large attention of scientists in 
this scientific field. Many enzymes in the nature belong to this category, such as [FeFe] 
hydrogenase and nitrogenase. The structure characterizations are as follows: four 
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irons and four sulfurs form the vertices of the cubane-type structure and the iron 
centers could be further coordinated with cysteine or other residues. In some cases, 
one or more cysteine residues was or were lost, leading to iron-sulfur binding property 
loss or formation of di-cluster type, binding with a [Fe3S4] cluster.[10][11] The binding 
to [Fe4S4] clusters with different residues could give rise to a variety of properties, 
which are involved in biosyntheses.[12] Examples of the analogue are shown by e and f 
in the Figure 1. 
 
1.2.4 Trinuclear [Fe3S4] site analogues 
 
The analogues of trinuclear sites, in the framework of iron sulfur proteins, are typical 
clusters as well, similar to [Fe4S4] clusters. The structural characterizations are as 
follows: three of four sulfurs connect with two irons, while the last sulfur bridges 
three irons, which looks like one iron is missing from the core of Fe4S4 clusters. As a 
matter of fact, in a number of iron sulfur proteins, the [Fe3S4] clusters and [Fe4S4] 
clusters could be reversibly transformed. An example of this analogue is shown by d
in Figure 1. 
 
1.2.5 Other analogues 
The four categories mentioned above are typical in the iron sulfur cluster chemistry. 
Of course, there are some other categories of iron sulfur clusters, such as 
penta-nuclear sites and higher nuclearity cluster analogues, as shown by compounds g
and h in Figure 1. Binding with different catalogues of iron sulfur clusters could be 
able to generate high nuclearity clusters. [10][11] 
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1.3 Development of iron-sulfur analogue chemistry 
Table 1. Development of iron sulfur cluster chemistry
Developments 
1972-1973 
1973-1975 
1974 
1974 
 
1975-1977 
1975-1977 
1975-1978 
1977-1978 
1981 
1982-1983 
1983-1986 
1985-1986 
1986-1987 
1988-1990 
1991 
1993-1996 
1994 
1995-1996 
1995-1997 
1998-1999 
2001-2002 
[Fe4S4(SR)4] 
[Fe2S2(SR)4] 
contact-shifted 1H NMR spectra 
[Fe4S4] multiple oxidation states thiolate 
ligand substitution [Fe4S4] Cys peptides 
water-soluble [Fe4S4] clusters 
[Fe(SR)4] 
[Fe2S2] and [Fe4S4] protein core extrusion 
[Fe4S4(SR)4] 
pathways of [Fe4S4(SR)4]2- formation 
[Fe3S4(SR)4]3- (linear) 
[Fe2S2] Cys peptides 
[Fe4S4(SR)4] 
site-differentiated [Fe4S4] clusters 
cuboidal [Fe3S4] cluster fragment 
synthetic Fd 
[Fe4S4]-S-FeIII bridged assemblies 
synthetic Rd 
[Fe3S4(SR)3]3- (cuboidal) 
metal incorporation in [Fe3S4] cores 
[Fe4S4] Cys-peptide maquettes 
[Fe4S4] bridged assemblies: peptide scaffolds 
The chronology of major developments in iron-sulfur analogue chemistry is set out in 
Table 1.[3] 
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1.4 Synthesis of iron sulfur clusters[2]
The iron sulfur cluster chemistry began with the synthesis and characterization of 
their analogues in 1972 when the first iron sulfur, as [Fe4S4-(SCH2Ph)4]2-, was found. 
So far, the development of iron sulfur cluster chemistry gave rise to about five types 
for their preparation, summarized by Ogino etc., shown by methodologies of A, B, C, 
D, E.[2]
 
Method A: Reactions of iron carbonyl complexes with sulfur-supplying agents  
 
For synthesis of iron sulfur clusters with CO containing as supporting ligands, two 
typical representatives, [HFe(CO)4]- and [HFe3CO)11]- are widely used as precursors 
for further structural modification. 
 
For example, treatment of [HFe(CO)4]- with sulfite gives Fe3S2-type cluster 
(OC)9Fe3S2, while reaction of [HFe3CO)11]- with sulfite in the presence of hydrogen 
peroxide generates a different type, as Figure 2 shows. 
 
[HFe(CO)4]
- SO32-
(OC)3Fe
S
Fe(CO)3
S
Fe
(OC)3
(OC)3Fe
S
Fe(CO)3
S
Fe
(OC)3
main
+
(OC)3Fe
S
Fe(CO)3
S
Fe
(OC)3
O
[HFe3(CO)11]-
SO32-
H2O2
Figure 2. Method A for synthesis of iron sulfur clusters[2] 
 
Method B: Reactions of bis(cyclopentadienyl)(tetracarbonyl)-di-iron and its 
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derivatives with sulfur or sulfur-supplying agents. 
 
For the synthesis of iron sulfur clusters with cyclopentadienyl (Cp) derivatives as 
ligands, the method B has been described. 
 
For instance, treatment of Cp2Fe2(CO)4 with sulfur in the solvent of toluene gives a 
mixture of tetra-iron sulfur clusters, including Cp4Fe4S4, Cp4Fe4S5 and Cp4Fe4S6, 
shown in Figure 3. 
Fe
O
C
C
O
Fe
CO
OC
Fe
Fe
S
S
S
Fe
Fe
Fe
S
CpCp
CpCp
S
SS
S
SFe
Fe
Fe
Fe
Cp
Cp
Fe
Fe
Fe
S
S
S
S S
S
Cp Cp
Cp Cp
+  S8
toluene
reflux +
+
Cp2Fe2(CO)4
Cp4Fe4S4
Cp4Fe4S5
Cp4Fe4S6  
Figure 3. Method B for synthesis of iron sulfur clusters[2] 
Method C: Reactions of iron (II) salts and complexes with sulfides  
 
The iron (II) salts, such as Fe(PEt3)2(SPh)2, [Fe(H2O)6]2+, Fe(BF4)2, FeCl2, FeSO4 and 
so on, could be utilized to prepare iron sulfur clusters with sulfides.[13][14][15][16] 
Some examples, using this methodology for synthesis, are shown in Figure 4. 
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FeCl2  +   PEt3  +  (Me3Si)2S
THF
Fe
FeFe
Fe
FeFe
S
S
S
S
S
S
Fe
Cl
L
L
L
Cl
L L=PEt3
FeSO4  +  NaNO2  +  (NH4)2S (NH4+)
Fe
Fe
Fe Fe
S S
S
NO
NO
NO
ON
NO
NO
NO -
Figure 4. Method C for synthesis of iron sulfur clusters[2] 
Method D: Expansion of small iron sulfur clusters to higher nuclearity clusters 
 
The evolution of iron sulfur cluster chemistry leads to the possibility of getting high 
nuclearity clusters, by coupling with small clusters; thus, the Fe4S4 cluster binds with 
Fe3S4 to form a seven iron containing cluster. Another example, using this 
methodology is shown Figure 5. 
Fe Fe
S S
SS
Fe(CO)5/hv or
Fe(CO)5/Me3NO or
Fe(CO)9 or
Fe3(CO)12
Fe
Fe
Fe
S
S
CO
OC
CO
Figure 5. Method D for synthesis of iron sulfur clusters[2] 
Method E: Electro-chemical or chemical redox reaction of the iron sulfur clusters 
 
Since ferredoxin was classified into bacterial-type ferredoxins and high-potential 
iron-sulfur proteins, more and more scientists paid attention to the application of the 
electro-chemical method in iron sulfur cluster, because the methodology not only 
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could analyze their physical property, but also could allow synthesis of novel clusters 
with different oxidation states. The formulas of reactions are shown in Figure 6. 
 
[Cp2Fe](PF6)
CH3CN
(ON)4Fe4S4
Cp2Co
toluene
[Cp2Co][(ON)4Fe4S4]
[(MeC5H4)4Fe4S4](PF6) [(MeC5H4)4Fe4S4](PF6)2
Figure 6. Method E for synthesis of iron sulfur clusters[2] 
1.5 Biosynthesis pathway of iron sulfur clusters 
Like the chemical synthesis, the biosynthesis of iron sulfur clusters has been widely 
studied as well.[17][18][19] Bacteria E. coli and A. vinelandii and yeast S. cerevisiae are 
three main organisms, utilized to research on biosynthesis pathway. As far as we know, 
there are three distinct biosynthetic systems: 1) The so-called nitrogen-fixation (NIF) 
machinery, the first discovered system, is dedicated to the assembly of the complex 
Fe-S protein nitrogenase, which is responsible for the conversion of N2 to NH3 in 
nitrogen-fixing bacteria;[20] 2) the second and the third systems are the ISC (iron sulfur 
cluster)-assembly machinery, and the SUF (sulfur-mobilization) machinery, 
respectively, only found in the animal world.    
1.6 Function of iron sulfur clusters 
The iron sulfur clusters, in the modern biochemical fields, are of importance as 
chemical entities, which have been synthesized and structurally identified in the past 
decades. Now, more and more scientists focus on this category of clusters, because of 
the ubiquitous biochemical properties that are required to sustain fundamental life 
processes.[21] Owing to their remarkable structural plasticity and versatile 
chemical/electronic features, [Fe-S] clusters participate in electron transfer, substrate 
binding/activation, iron/sulfur storage, regulation of gene expression, and enzyme 
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activity.[22] 
 
A. Electron transfer 
The best known role of iron sulfur clusters is their property of electron transport in the 
oxidation-reduction reactions. Therefore, iron sulfur cluster, as the electron transfer 
agent, was first paid attention to in the development of iron sulfur cluster chemistry. 
The combinations of iron and sulfur, including [Fe2S2], [Fe3S4], [Fe4S4] and [Fe8S7], 
form metal cores of the clusters, with the function of delocalization of electron density 
that contributes to the good property of electron transfer. And the different ligands, 
after coordination with metal center, could modify the redox potential initated the 
investigation of novel ligands for iron sulfur clusters. Most of the iron sulfur clusters 
are one-electron carriers; only the [Fe8S7] cluster in nitrogenase was found to have the 
potential for carrying two-electrons. 
 
Many iron sulfur clusters comprise the property of electron transfer: 1) NADP+ 
reductase contributes to the transfer of electron from photosystem I to NADPH, which 
could participate in the Calvin cycle.[23] 2) nitrogenase, which is responsible for the 
fixation of nitrogen gas[24][25]; 3) hydrogenase, in the anaerobic metabolism, plays 
important role in catalyzing the reversible redox reaction of hydrogen gas.[26][27] 
  
B. Substrate binding and catalysis 
Besides the property of electron transfer, substrate binding and catalysis is another 
well known function. The model of substrate binding and catalysis could be set up 
through three different ways[22]: 1) Binding a non-noncysteinyl ligand with one of the 
four irons in the metal core of clusters could serve as such category of function in the 
reaction of dehydration or hydration, represented by aconitase.[28] 2) Incorporation of 
a heterometal into an [Fe-S] cluster, represented by the [Ni-4Fe-5S] cluster in CO 
dehydrogenase.[29] 3) Combination of a metal site with one of the four irons in the 
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cubic core of [Fe4S4] cluster, represented by the formation of acetyl coenzyme A 
synthase active site.[30][31][32] 
 
C. Regulatory and sensing functions 
The function of regulatory and sensing could be well illustrated by the example of the 
S-adenosylmethionine (SAM)-dependent radical enzyme, which can catalyze radical 
reactions in the cofactor biosynthesis, enzyme activation, peptide modification, 
metalloprotein cluster formation, t-RNA modification, lipid metabolism and so on. 
[33][34][35] 
2. Introdcuation to origin of life 
2.1 Background of origin of life 
When, where and how did the origin of life happen is one of the most significant 
topics that we are investigating and still need to strive for. In the development of 
research on origin of life, there are a lot of theories and hypotheses which were 
proposed to try to explain this puzzle, such as spontaneous generation theory,[36] 
"Primordial soup" theory, [37][38] Eigen's hypothesis,[39] RNA world hypothesis,[40] 
Wächtershäuser's hypothesis[41][42] and so on. The disputations, however, exist in the 
mean time. And some of them are contradictory,[40][41][42] and just because of so many 
contradictions, they attract stronger attentions to this scientific realm. Further insight 
and diversity of evidence could help us understand the origin of life. 
 
“Small as the sparrow is, it possesses all its internal organs - small but complete”- one 
proverb depicts. Yes, even in the simplest cells, in the modern living environment, you 
still could find plenty of constituents, such as amino acids, peptides, proteins which 
contribute to their biological functions. In fact, comparing with the primitive life, now 
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even simplest cells are more complex than those which existed in the beginning of 
origin of life. The modern biological chemistry tells us that when the self-replicated 
molecules have formed, the evolution of life started its process, rather than sudden 
appearance as the creationism says. When, where and how such kinds of organic 
molecules formed, it is still a puzzle. According to the present knowledge on origin of 
life, two contradictory models were proposed. One is about “gene-first”, another is 
about “metabolism first”. However, both of them still could not give a clear 
explanation in some findings.[43] 
 
With the development of science, mankind gradually recognizes that the processes of 
evolution of universe lead to more and more complex structures; the big bang affords 
fundamental particles forming atoms, stars and galaxies by self-assembly; in the 
generation of stars, it gave rise to a lot of elements, such as carbon, nitrogen, oxygen 
which were expelled into space that contributes to formation of complexity. Then, the 
biological evolution gave rise to complex life on the earth, including human from a 
simple structure.[43] 
 
The scientific evidence about origin of life shows that to all the known and unknown 
living organisms around us in our world, the transformation took at least thousands of 
million years from the simplest primitive life. The process was accomplished step by 
step, which is called “evolution” that gave rise to a series of different complexities in 
the different stages. 
 
2.2 Abiogenesis 
Abiogenesis is the scientific realm of origin of life, which focuses on when, where, 
and how biological life could have arisen for the first time on the primordial young 
earth from inorganic matter through natural processes. From 3.5 to 3.9 billion years 
ago, abiogenesis probably occurred in the primitive condition, such as high 
atmospheric pressure values; full of hydrosulfide gas, carbon monoxide, ammonia, 
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water etc.; acidic environment of ocean;[44] high temperature (100 °C) and so on. The 
context of abiogenesis was, most of the time, discussed together with the theory of 
origin of life, mentioned above in the chapter of background of origin of life.  
 
2.2.1 Essential conditions for the origin of primordial life: 
 
In the investigation of conditions for birth of primitive life, the argument of the 
primitive atmosphere being reductive or neutral was proposed. Some scientists 
believe that he reductive atmosphere is essential for the synthesis of organic 
molecules,[45] while some think the reductive atmosphere should be replaced by 
neutral environment,[46] as hydrogen escaped from the primitive atmosphere. With the 
help of calculations, the result shows that the speed of escape of hydrogen was slower 
than previously thought, which leads to the existence of a large amount of hydrogen, 
keeping a reductive atmosphere in the primitive environment.[47]  Not only reductive 
atmosphere, but also some other conditions play an important role in the evolution of 
primitive life. The requirements of the condition for primitive life comprise: 
 
1). Reducing gas, including methane hydrogen, ammonia (in Miller-Urey experiment), 
carbon monoxide, nitrogen, hydrogen sulfide (H2S), sulfur dioxide (SO2) released 
by volcanic eruption (proposed later by experiments) and so on 
2). High temperature (around 100 °C) 
3). High pressure 
 
2.2.2 Miller-Urey experiment 
In the last decades, involving simulation of primitive conditions of the young earth, 
fundamental biochemistry in conjunction with chemical experiments was utilized to 
support the theory of abiogenesis, among which, the experiment of Miller-Urey 
experiment, together with the manner of formation of nucleotides and saccharides, 
was a typical representative to generate “building blocks of life” for explaining 
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abiogenesis. [48] The details are shown below. As a matter of fact, the Miller-Urey 
experiment is the first chemical experimental methodology to support spontaneous 
generation as well. And some more complex biochemicals, such as proteins, 
polysaccharides, and nucleic acids, could be synthesized by the inorganic chemical 
entities mentioned above, all of which contribute to their biological functions. Which 
of these kinds of organic molecules first arose, how did these biochemical molecules 
gather together to give rise to first simplest stuff with self-replicating ability, has 
become a more and more important topic in the realm of abiogenesis. 
 
2.2.2.1 Purpose of the Miller-Urey experiment 
Oparin and Haldane, two biochemists, contributed to the research on the origin of life. 
In their theories, they proposed that inorganic matters (methane (CH4), ammonia 
(NH3), water (H2O), hydrogen sulfide (H2S), carbon dioxide (CO2) or carbon 
monoxide (CO) etc.) could be utilized, under the primitive condition on the early 
earth, to give rise to small organic molecules that are key intermediates to build 
ammonia acids, well-known as “life building blocks.” In other words, the primitive 
life is original from inorganic gases, present in the early earth. 
In 1953, Miller and Urey, at the University of Chicago, published their classical 
experiment on origin of life, named Miller-Urey experiment. In their work, they tested 
different simulated conditions, assumed in other scientists’ hypothesis, including 
Oparin’s and Haldane’s etc., in order to research on evolution process of origin of life 
by chemical methodology and in the meantime, to put Oparin and Haldane theories to 
the proof. 
 
2.2.2.2 Experiment of Miller-Urey experiment 
To a completely closed chamber in the presence of half full of water, were added 
simulated hypothetical gases assumed to be present in the primitive condition in the 
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early earth, including methane, hydrogen and ammonia. The system comprised of 
electrodes to generate lightning through the primitive atmosphere, evaporated water 
and also contained a cooling system to recycle utilization of water, as shown in Figure 
7. [49]  
 
 Figure 7. Miller-Urey experiment[49] 
 
2.2.2.3 Results of Miller-Urey experiment 
The results were analyzed by chromatography and showed that about 10-15% carbon 
was found in organic molecules; after two weeks, 2% amino acids, essential building 
blocks of proteins, were detected in the chamber and hydroxy acids, sugars and some 
other organic matters as well, but no nucleic acids. Nine amino acids were detected in 
their experiment during that time. 
 
As a matter of fact, the number of amino acids generated in Miller-Urey experiment is 
not only nine as Miller and Urey reported. After the death of Miller in 2007, some 
scientists analyzed the samples left by Miller with the help of modern analytic 
methodology and found that there are in fact more than 20 amino acids in the 
Miller-Urey experiment. And some evidence suggested that there should be more 
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components in the primitive atmosphere, besides the gases used in Miller-Urey 
experiments, which were released by volcanic eruption, such as carbon dioxide, 
nitrogen, hydrogen sulfide (H2S), and sulfur dioxide (SO2) etc. The following 
reactions, shown in Figure 8, demonstrate that the latter inorganic matters mentioned 
above could give rise to more diverse organic chemicals via one-step synthesis.[50][51] 
The subsequent reactions, such as Strecker synthesis,[52][53][54] Butlerov's reaction[55][56] 
could generate more complicated molecules, including amino acids, sugars and so on. 
 
CH4+2[O] CH2O+H2O
CO+NH3 HCN+H2O
CH4+NH3 HCN+H2
CH2O+HCN+NH3 NH2-CH2-CN+H2O
NH2-CH2-CN+2H2O NH3+NH2-CH2-COOH
Strecker synthesis
 
Figure 8. Synthesis of organic molecules from inorganic gas[50-56] 
 
2.2.2.4 Limitation of Miller-Urey experiment 
It is well-known that most of the amino acids participating in building proteins in the 
natural world, belong to the left-handed form. Only the left-handed form could be 
functionalized in the process of protein formation. The right-handed form does not 
make sense for building protein; sometimes, the effect of right-handed form is fatal in 
the natural process. 
 
However, in the Miller-Urey experiment what they obtained comprised both 
left-handed form and right-handed form of amino acids, in a ratio of about 50:50. 
Even if one could obtain the pure left-hand amino acids by chemical synthesis, the 
racemization would transform them back to the original ratio of left and right-handed 
forms. This result in the Miller-Urey experiment is in contradiction with the known 
knowledge in the real life. 
Proteins consist of a few amino acids in certain orders to give rise to different 
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categories of biochemical functions. This property is unique. If we connect the amino 
acids in whatever orders, I do believe most of what we will obtain is useless. And in 
the Miller-Urey experiment, they did not give any causes to explain how and why the 
primitive building of proteins is in unique orders.  
 
3. Denied hypothesis on origin of life 
3.1 Creationism  
Creationism, as its name means, is one kind of myth about creation and one religious 
belief as well. It believes that all natural matters, such as man, earth, moon, sea, 
mountains etc., are created by God. Now, the developed science could give sufficient 
evidence to disprove creationism. 
3.2 Spontaneous generation 
Spontaneous generation is one popular hypothesis in the beginning of development 
of research on origin of life. It proposes that the forms of life arise from non-living 
matter or from totally different matter, for instance, bees are from flowers;[ 57] firefly 
is generated by decaying hay; flies are from putrid matter; decaying meat could give 
rise to worms; mice can be “born” by hay and so on.[58 ] Although now we all know 
that the spontaneous generation theory is incorrect, no one doubted the theory at that 
time until 1646, when Browne published his manuscript to question. However, the 
pathetic thing is that his work was not accepted, due to plenty of reasons. 
 
As time passed, more and more scientists recognized that the spontaneous generation 
is not true. They interposed a few questions against spontaneous generation, such as 
mentioned in “Pseudodoxia Epidemica”, published by Browne and the contexts 
interposed by Hooke and  Leeuwenhoek[59] etc. In 1688, Redi first refuted 
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spontaneous generation, using the following experiment: to all the jars, meat was 
placed, and four jars were covered with muslin, while the rest were without any 
stopper. After some time, maggots developed in the open jars but did not develop in 
the muslin-covered jars.[60] 
 
4. The iron sulfur world theory 
Research on the origin of life on earth, generally speaking, was classified into two 
main categories: the prebiotic broth theory, which postulates a protracted origin by the 
self-assembly of high-molecular weight structures, such as RNA, proteins, and 
vesicles, in a cold prebiotic broth of preaccumulated modules;[61] and the 
hydrothermal theory, characterized by the iron-sulfur world theory which was first 
advanced a few years ago by a German chemist and patent lawyer Günter 
Wächtershäuser. In the iron sulfur world theory, it is proposed that the primitive life 
maybe has formed on iron sulfur pyrites, close to hydrothermal vents under the deep 
ocean, where the environment is similar to the primitive condition: anerobic, 
hyperthermic (around 100 °C), high pressure and so on. The difference between the 
prebiotic broth theory and the hydrothermal theory is what formed first, metabolism 
or genetics? The content of the “iron sulfur world theory” claims that the formation of 
the primitive metabolism predates genetics, while the “RNA world theory” states that 
RNA occurred first. And the description of “iron sulfur world theory” comprises the 
energy conversion, formation of primitive membranes and the cellularization and so 
on.  
 
4.1 Black chimney 
“Black chimneys”, as shown in Figure 9, represent hydrothermal fluid regions under 
the sea which are rich in sulfides. When meeting with cold ocean water, the 
hydrothermal fluid undergoes physical and chemical changes that precipitate minerals 
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with metal, which looks like a black chimney. The “black chimney” model, in the iron 
sulfur world theory, is utilized to explain the primitive origin of life as a typical 
ecological system.  
 
In Wächtershäuser’s theory, it is believed that the circumstance around a 
hydrothermal vent is similar to the primitive condition in the early earth. So the 
“black chimney” model should be an ideal system to evaluate and research on 
evolution of primitive life by natural processes.  
Figure 9. “Black Chimney”[62] 
 
4.2 Circumstance around hydrothermal vent under the deep ocean 
1. Components of the gases under the deep ocean comprise reducing matter, such as 
methane, H2, ammonia, HCN and so on, that is consistent with the description of 
ingredients of primitive atmosphere, as mentioned above. 
2. The black matters, in the hydrothermal fluid, contain a variety of minerals, 
especially rich in iron sulfur ingredients, which are important in the evolution of 
primitive life. 
3. High temperature and pressure, anaerobic environment and so on that are similar 
with the primitive condition. 
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4.3 The Role of Minerals  
“The primitive life maybe has formed on the pyrite”, this idea was first proposed in 
the Wächtershäuser’s “iron sulfur world theory”. Based on this opinion, the minerals 
should and must have certain or multiple functions. In general, the function of 
minerals could fall into four categories:[63] 
1. Protection 
Minerals acted as hosts, protecting chemical systems from dispersal and destruction. 
Gas pockets of rocks, with a function similar to compartments, could store the 
chemical entities, which was maybe the first step towards a primitive cell. 
2. Support 
Surfaces of minerals could act as an ideal platform for accumulation of chemical 
entities, exemplified by the experiment of clays. 
3. Selection 
The mirror images widely exist in the minerals with crystal faces. Left- and right- 
handed amino acids could bind to different crystal faces to achieve selection. 
4. Catalysis 
Now, modern science has demonstrated that a lot of iron sulfur clusters could act as 
catalysts for certain categories of reactions. Although the structures of primitive 
minerals are simple, they still could catalyze some reactions, such as the role of 
mineral in the Miller-Urey experiment. In the model of “black chimney”, sufficient 
minerals are found around them that affords the possibility for birth of primitive life. 
4.4  Formation of primitive metabolism 
Where, when and how the primitive metabolism first formed, predating genetics 
during the natural process as Wächtershäuser depicts, are the core constituents in the 
“Iron Sulfur World Theory.” It probably began with a plenty of very simple and 
sulfur-dependent metabolisms through the carbon fixation pathway. The subsequent 
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evolution of metabolisms led to more and more complex versions.  
 
A variety of complicated chemical entities were produced, during the evolution of 
origin of life, which could be able to bind with metal centers to form novel catalysts 
to catalyze novel reactions that affords possibilities to expand primitive metabolism. 
In other words, once the simplest metabolism formed, the generated small organic 
molecules, as the ligands, could accumulate on or in the minerals to generate diverse 
complexes, act as novel catalysts for subsequent redox reactions that could produce 
more complex organic molecules, which are essential for formation of more complex 
metabolism, exemplified through Figure 10.  
Figure 10. Metabolism of glyoxylate cycle 
For example, in the primitive conditions, reaction of carbon monoxide with hydrogen 
sulfide in the presence of catalyst (iron sulfur minerals) was able to give thioacetic 
acid, as the simplest activated acetic acid analogues of acetyl-CoA, which serves as 
starting material for the following glyoxylate cycle. In the glyoxylate cycle, it will 
give rise to a few novel organic molecules which could be taken as starting materials 
for subsequent reactions and as novel ligands to coordinate with metal centers to give 
novel catalysts. Once more complex organic molecules have been synthesized, more 
novel pathways and catalysts are generated. Thereafter, more complex metabolisms 
are formed.
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4.5 Formation of primitive membranes 
The formation of membranes may have started from the synthesis of lipid-like 
substances on the surface of mineral. After that, the generated lipid-like entities stayed 
on or in the mineral. With time passed, interaction between lipid-like entities and 
mineral was strengthened and then the primitive membrane formed by lipophilization. 
 
The “black chimney” is an ideal model to be used to explain origin of life, as 
mentioned above. So the process of formation of this model could be used to explain 
the formation of primitive membranes. From two aspects, including physical and 
chemical aspects, we could give the plausible explanation. 
 
Physical: 
The high temperature of the Cenozoic crust heats up the ocean water, penetrating 
from the crannies. Because of the convection, the heated water with dissolved metal 
elements goes up along the crannies into the ocean again. And in the flow direction of 
hydrothermal fluid, it is isothermal, whereas perpendicularly to the flow of the 
hydrothermal fluid, it has a temperature gradient, due to cold ocean water around it. 
Solubility of the minerals in the cold ocean is less than in the hydrothermal fluid, and 
they will therefore precipitate along the flow of the liquid in the form of chimneys. 
The ratio of the different metal elements generates different colors of appearance. And 
the mineral layer formed from the smoke has semi-permeable properties, similar to 
the modern cell membrane. 
 
Chemical: 
The physical ingredient is not the only cause for the formation of primitive 
membranes. Another cause is chemical. The key concept is that the reaction of anion 
metathesis could give rise to some inorganic matters with semi-permeable properties 
that play an important role in the evolution of origin of life. “Chemical Garden”, 
shown in Figure 11, first observed and described by Glauber, is able to be a good 
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model to simply depict the formation of membrane.[64] 
Figure 11. Chemical Garden[65] 
 
Chemical garden is one kind of experiment that adds solid metal salts into a solution 
of sodium silicate to synthesize metal silicates with semi-permeable properties which 
look like growth of plants. The causes of this phenomenon are as follows: first, anion 
metathesis will give rise to membrane-like metal silicate with semi-permeable 
property; then because the ionic strength of the metal solution inside the membrane is 
different from the ionic strength of sodium silicate outside the membrane, it will form 
containers; thereafter, the subsequent osmotic effects will cause the container to be 
destroyed. Last, the reaction of metal cation in the membrane with silicate anion 
outside the membrane will generate more metal silicate. The pressure gradient will 
result in growth from the bottom to up. 
4.6 Cellularization[66]
Cellularization, in fact, is a complicated process that comprises several stages. 
Maybe we could divide it into three stages roughly: formation of primitive lipid; 
formation of prokaryotic cells; formation of nucleated cells. The “cellularization” will 
not begin until some lipid-like molecules have been synthesized, such as fatty acids 
that could form primitive membranes due to their lipophilicity. The membrane could 
stay on the surface of the minerals in the beginning, then the following evolution 
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could lead to detachment from the minerals. And the inorganic compartments in the 
minerals were the precursors of cell walls and membranes that were inferred by the 
naturally arising, three-dimensional compartmentation observed within fossilized 
seepage-site metal sulphide precipitates.[66] When the primitive membrane separated 
from the minerals, the function of inorganic compartments was replaced by primitive 
membrane, and thereafter the prokaryotic cell formed. With the time passed, the 
prokaryotic cells could support itself and allow exchanging genetic materials by 
evolution, and the nucleated cells formed. 
 
5. Motivation
According to “iron sulfur world theory”, the minerals played a very important role in 
the evolution of origin of life: protection, support, selection and catalysis, as 
mentioned above in the details of function of minerals. The relative knowledge of 
“cellularization” tells us that the primitive membrane is of importance for the origin 
of life as well: separate materials, allow selective exchange, store genetic messages 
etc. Combined with the important role of compartmentalization in abiogenesis, we 
intended to construct a catalytically active iron-sulfur component which could be 
incorporated into liposomal membranes, then the synthesized system could allow to 
research on primitive biosystems. We therefore planned to attach an iron sulfur cluster 
model to a hydrophobic moiety to form a lipid which could be incorporated into 
liposomes, used to mimic the function of a cell membrane.[67] 
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6. Design of project in part A 
6.1 The choice of iron-sulfur component 
According to the “iron sulfur world theory”, the origin of life may have started with 
the simple redox reactions, catalyzed by minerals, such as pyrites. Here, in this project, 
we planned to choose one catalyst with iron sulfur components, which could catalyze 
redox reactions, to replace the catalytic function of minerals. We screened the 
requirements mentioned above, and finally chose the category of [Fe4S4] 
hydrogenases as the iron sulfur components. 
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S
S
Fe
S
S
Cl
 
Figure 12. Structure of the lead iron sulfur cluster[3] 
 
The idea of this project is to attach one hydrophobic moiety to the [Fe4S4] 
hydrogenase to form a novel lipid. So the ligand of the orginal [Fe4S4] hydrogenase 
should be possible to be modified and synthesized from available starting materials. 
We went through some ligands, shown in Figure 13, which have been worked on by 
Holm, who is authoritative in this scientific field. Hence, we planned to choose one of 
them, as the original ligand, to modify. In order to simplify chemical synthesis, 
comparing with structures of other ligands, we believe that the chosen ligand, shown 
in Figure 12, is the best choice in our case, because nine methyl groups, ideal groups 
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for modification, exist in the toluene and m-xylene residues.  
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Figure 13. Ligands of [Fe4S4] hydrogenases[3] 
 
6.2 The choice of hydrophobic moiety 
For the hydrophobic moiety, we chose ?,?-dialkylpicoline, shown in Figure 14, as 
such moiety has been applied in lipoplexes for gene therapy[68][69][70] and has been first 
used, in our group, to synthesize boron containing lipids for the application in boron 
neutron capture therapy.[71] Compared with other “precursors” of amphiphilic 
molecules, ?,?-dialkylpicoline has some advantages: 1) stable (no structure of ester, 
amide and chiral centers etc.) 2) good hydrophobic property, reflected by two long 
alkyl chains 3) good hydrophilic property, contributed by the positive charge after 
connecting with substrate on the nitrogen atom. 
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Figure 14. Application of the ?,?-dialkylpicoline in boron neutron capture therapy[71] 
 
6.3 The design of the target compound 
To attach the hydrophobic moiety to the ligand of [Fe4S4] cluster, followed by 
coordination with metal center to form the final modified iron sulfur cluster, we 
should first modify the ligand of the chosen iron sulfur cluster mentioned above, 
which contains three thiol groups that are not stable in the air. We chose chloromethyl 
methyl ether as the protecting group, used before in the synthesis of original cluster, 
to protect the three thiol groups, to prevent side reactions. 
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In order to maintain the original property of the cluster and simplify chemical 
synthesis, we kept most of the groups in the structure, and modified selectively one of 
the three methyl groups in the toluene residues rather than one of the six methyl 
groups in the xylenes. The connection between modified substrate and ?,?-dialkylpicoline could be achieved with the help of the linker. The group R1, 
bromine or amine, as shown in Figure 15, was designed in order to succeed in 
attaching to ?,?-dialkylpicoline to form the novel modified lipid.
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Figure 15. The designed structure of protected ligand of lipid 
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6.4 Retrosynthetic analysis for novel lipid 1a or 1b 
Our synthetic strategy for lipid 1a or 1b is based on the retrosynthetic analysis shown 
in Figure 16. The key steps of this synthesis are: nucleophilic substitution of halogen 
for constructing an asymmetric structure, and transformation of groups needed for 
attachment. The final protected ligand would be derived from 2, 6, and 7. The 
appropriate group transformations and nucleophilic substitutions lead 
retrosynthetically to 4, which could be obtained by bromination from 
1,3,5-trifluorobenzene 5.
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Figure 16. Retrosynthetic analysis of lipid 1a and 1b 
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6.5 Designed pathways in part A 
6.5.1 Pathway I in part A: 
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Scheme 1. Designed pathway I for synthesis of 1b 
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6.5.2 Pathway II in part A: 
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Scheme 2. Designed pathway I for synthesis of 1a
6.5.3 Final pathway III in part A: 
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Scheme 3. Final pathway III for synthesis of protected 1a
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7. Results and Discussion 
According to the idea of this project and the retroanalysis of the chemical synthesis, 
described in sections 5 and 6, we first designed pathway I and pathway II for the 
different linkers between modified substrate and the hydrophobic moiety, ?,?-dialkylpicoline. However, in the process of chemical synthesis, these two 
pathways met respective problems, which blocked the progress of the experiments. 
The successful pathway III for synthesizing modified lipid was developed, thanks to 
the failed experience in the tries of pathway I and pathway II. The details are shown 
below. 
 
The details of the chemical synthesis for the original iron sulfur cluster were depicted 
in Holm’s paper.[3] In the beginning, we followed their work and improved some 
reactions in their work, shown in section 7.1. When creating the asymmetrical 
structure instead of the previous symmetrical structure for the subsequent attachment, 
we failed many attempts, using the same methodology reported in Holm’s work, 
maybe because of the property of electron-withdrawing groups in the substrate in our 
case. And we faced also other problems in the experimental process, forcing us to 
investigate other pathway, shown in part 7.2. 
  
7.1 Improved reactions in the experiments 
7.1.1 Synthesis of 1,3,5-tribromo-2,4,6-trifluorobenzene 
Only two literature citations have reported details of the synthesis of 
1,3,5-tribromo-2,4,6-trifluorobenzene, as shown in Scheme 4.[72][73] In the first paper, 
the reaction was run under the condition of 0 °C-rt, 72h, with N-bromosuccinimide 
and triflic acid, resulting in only 48% yield. While in the second paper, the 
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1,3,5-tribromo-2,4,6-trifluorobenzene, got by photochemistry, is the side product 
rather than the main product.  
F
F F
F
F F
Br Br
Br
1.2 R:H2O, cooled
1.1R: bromosuccinimide, R:triflic
         acid, 0 C; 0 C-rt; 72 h, rt
F
F F
F
F F
Br Br
Br
R:Br2 S:CFCl3
° °
+
Br
Br
Br
Br
Br
Br
F
F
F
photochemistry
side product main product
[68]
[69]
 
Scheme 4. Reported methodology for 1,3,5-tribromo-2,4,6-trifluorobenzene 
We were able to get the desired substance with high yield, using the improved 
condition. Heating the fluorobenzene and iron to 120 °C, excess bromine was added 
dropwise to the reaction mixture; then reacting for 2h gave a yield of 89%. Here, two 
points should be noted. One is the temperature: 120 °C gave the desired product, 
while 80 °C gave a mixture of di-substituted and tri-substituted products (see Scheme 
5). Another is the order and timing of adding bromine (heating fluorobenzene, iron 
and bromine together to 120 °C results in a mixture of di-substituted and 
tri-substituted compounds). 
 
Fe, Br2
120 °C
F
F F
F
F F
Br Br
Br
improved methodology:
Fe, Br2
80 °C
F
F F
Br Br
Br
F
F F
Br Br
+
(main)  
Scheme 5. Improved methodology for the synthesis of 
1,3,5-tribromo-2,4,6-trifluorobenzene
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7.1.2. Synthesis of 5-methoxymethylsulfanyl-2,4-dimethyl-benzenethiol 
?
H3C CH3
HS SH
H3C CH3
S SH
DMF, rt
O
H3C CH3
S SO O
base (NaHCO3)
ClCH2OCH3
NaH
NaSEt, DMF, 85 C
DMF,
rt
reported pathway
improved condition
19
20
21
°
  
Scheme 6. One-step synthesis of 5-methoxymethylsulfanyl-2,4-dimethyl-benzenethiol
The synthetic step to 5-methoxymethylsulfanyl-2,4-dimethylbenzenethiol has been 
reported by Holm[74], which is to protect both of the mercapto groups first, and then 
deprotect selectively one of them with the help of NaSEt to give a yield of 60%, as 
shown in Scheme 3. By selecting different conditions, we could obtain 
5-methoxymethylsulfanyl-2,4-dimethylbenzenethiol directly (Table 1). With bases 
stronger than NaHCO3, disubstitution occurred. With NaHCO3, however, we could 
limit the reaction to monosubsitution. Although the yield was the same when we used 
1.2 eq and 1.4 eq of ClCH2OCH3, we prefer using 1.4 equivalent of ClCH2OCH3, as 
all 19 has reacted and thus made purification easier. 
 46
Table 1. Investigation of the reaction conditions for the mono-substituted compound 
by ClCH2OCH3 leading to 21 
 Base Eq of 
ClCH2OCH3
Time (h) Product Yield 
1 KOH 1 split-second / 
2 NaOH 1 split-second / 
3 K2CO3 1 6 / 
4 Na2CO3 1 6 
 
 
 
20
/ 
5 NaHCO3 1 12 50% 
6 NaHCO3 1.2 12 70% 
7 NaHCO3 1.4 12 
 
 
21
70% 
7.1.3. Synthesis of 1-(4-methoxymethyl-phenylsulfanyl)-2,4,6-tris-(5-thiol
-2,4-dimethyl -phenylsulfanyl)-3,5-bis-(p-tolylsulfanyl)-benzene 
As shown in Scheme 7, deprotection of the methoxymethyl group could be achieved 
by forming the mercuric salt first with the help of mercuric acetate, followed by 
protonation and treating with hydrogen sulfide. The chemical materials Holm used,[74] 
however, are mercuric acetate, which damages the central nerve system, and smelly 
hydrogen sulfide gas, which is not friendly for human and environment. In other 
words, the used condition is not consistent with the concept of “Green Chemistry” in 
the requirements of modern chemical synthesis. 
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Scheme 7. Reported deprotection of methoxymethyl group 
 
After going through the methodology for deprotection of alkyl-protected sulfur, we 
finally chose inorganic matter, silver nitrate, to form silver salt first and sodium 
hydrosulfide to protonize, replacing the use of hydrosulfide gas, as shown in Scheme 
8. The conditions, here, we used, compared with the reported method above, are mild, 
safe and unpolluting, etc.; and the manipulation is easier; the yield is above 90%; the 
cost of the reaction is lower.
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OCH3
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Scheme 8. Improved methodology for deprotection of methoxymethyl group 
7.2. Analysis of pathway I in part A 
The synthesis of the symmetrical intermediate 1,3,5-trifluoro-2,4,6-tris- 
(p-tolylsulfanyl)-benzene, described in Holm’s paper, could be carried out in DMF, 
140 °C, 48h from 4 and 13. According to this methodology, we wanted to use 
different ratios of starting materials with different substrates, in hope to obtain 
compound 16. Because of its asymmetrical structure, we attempted a two-step 
reaction to synthesize it through the intermediates 14 or 15. At first we treated 4 with 
different equivalents of 11 or 27; however, what we isolated were side products: 
F-substituted and F,Br-disubstituted products. In order to increase the selectivity for 
the key intermediates, we next transformed 11 and 27 to thiocuprate 12 and 13 which 
we reacted with 4. Luckily, what we obtained were the expected intermediates 14 and 
15. We then attempted to synthesize 16 by the same methodology as 14 and 15. 
Unfortunately, all attempts failed. Although we do not know the reason exactly, we 
presume that the electron-withdrawing property of the cyano group is the cause. The 
symmetrical compound X was obtained by treating 15 with 13 using the methodology 
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described above. So we thought that if we could use a donating group, which could be 
transformed into the necessary functional group, to replace the cyano group, the 
reaction of synthesizing the asymmetrical tri-substituted intermediate maybe could be 
successful. Therefore we used the methoxylmethyl group as the donating group. That 
is because it could be easily transformed into an aminomethyl group. Treating 15 and 
32 with the same methodology succeeded in getting compound 34, as shown in 
Scheme 9. 
 
 
F
F F
Br Br
Br
S
F
S
F
S
F
CN
S
F
Br
F
S
F
Br
F
S
F
Br
F CN
°
CH3
S Cu
condition:
DMF, 140 C
4
13
12 13
12
14
15
16
S
F
S
F
S
F
S
F
S
F
S
F
OCH3
X 34
13 32
X
X
Scheme 9. Analysis of pathway I in part A 
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7.3. Two pathways of synthesis of 1,3,5-trifluoro-2-(4-methoxymethyl–phenyl 
sulfanyl)-4,6-bis-p-tolylsulfanyl benzene 
Although the attempts for pathway I failed finally, we still got benefit from the tries. 
We presumed that the withdrawing group, such as the cyano group, on the 
benzenethiol is not good for the nucleophilic substitution, compared with the donating 
group, in this case. The success for treating 15 with 13 to get X confirmed the 
presumption. 
 
The reaction of synthesizing X from 15 gave us a hint that if we use a donating group, 
which could be transformed to the needed functional group, to replace the cyano 
group, maybe it will be successful. Then the pathway one, shown in Scheme 10, was 
designed and demonstrated by the experiments. 
 
With the symmetrical tri-substituted X in hand, we next turned our attention to 
synthesize a mono-substituted intermediate. Reaction of stoichiometric amounts of 
n-bromosuccinimide (NBS) with X generated a mixture of mono- and di-substituted 
intermediates, which could react with sodium salt of methanol to give 34 without 
purification, the details were shown in section 7.6. Both of these two pathways could 
work. However, we finally decided to choose the pathway two, because of the yield. 
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Br Br
Br S
F
Br
F
S
F
°
Condition:
DMF, 140 C
4
15
S
F
S
F
S
F
S
F
S
F
S
F
OCH3
X
34
Pathway One
Pathway Two
13
13
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S
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S
F
S
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Y
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Scheme 10. Two pathways of synthesis of 34 
7.4 Newman-Kwart arrangement 
Thermally induced OAr to SAr migration in aryl thiocarbamates, shown in Schemes 8 
and 9, is commonly referred to as the Newman-Kwart rearrangement (“NKR”) and 
belongs to a group of rearrangements that generate Ar-S/N compounds from 
phenols.[74] The conventional method for migration is to heat the substrate to 200-350?
°C directly without any solvent, or reflux in a solvent with high boiling point. The 
evolution of catalyst lead to the improvement of Newman-Kwart rearrangement, 
which involves a Pd-catalyst, such as bis(tri-tert-butylphosphine)palladium(0). The 
mechanisms of the Newman-Kwart rearrangement with and without catalyst are 
shown in Scheme 11.
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Scheme 11. Mechanism of Newman-Kwart rearrangment[75] 
 
In our case, we have tried the Newman-Kwart rearrangement with the substrates of 
O-(4-cyanophenyl) dimethylcarbamothioate and O-(4-methylphenyl) 
dimethylcarbamothioate, shown in Scheme 12. The difference between two substrates 
is the substitution. One has a withdrawing cyano group, the other one has a donating 
methyl group. Because of the different electronic properties of the substituents, the 
requirements of the condition of the reaction differ. With the withdrawing group on 
the benzene, the reaction needs lower temperature than with the donating group on the 
benzene. When employing the catalyst, the condition is mild: 100?°C, toluene.
CN
O N
CN
S
O
N
or 220 C
toluene,
S
bis(tri-tert-butylphosphine)
         palladium(0)
°
CH3
O N
CH3
S
O
N
or 220 C
toluene,
S
bis(tri-tert-butylphosphine)
         palladium(0)
°
withdrawing group
donating group
withdrawing group
donating group
100C°
°100C
 
Scheme 12. Reaction of NKR in our case 
 
Comparison of the catalyzed NKR with non-catalyzed NKR in different cases is 
shown in Table 2.[75] With the same substrate, the required temperature is 
substantially lower when using a Pd-catalyst in the NKR, and higher yield was 
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achieved as well. The withdrawing group, such as a nitro group, on the benzene could 
decrease the activation energy of the NKR, hence results in lower needed temperature, 
while the donating groups have an opposite effect. 
 
Table 2. Comparison of the catalyzed NKR with non-catalyzed NKR[75] 
 
Entry Ar= Catalyzed
t[h] Conv. °C
Thermal
°C
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
p-NO2-C6H4 
p-NO2-C6H4 
p-NO2-C6H4 
p-NO2-C6H4 
p-CN-C6H4 
p-CF3-C6H4 
p-F-C6H4 
p-CO2Me-C6H4
p-Me-C6H4 
p-MeO-C6H4 
24 
24 
24 
2.5 
4 
4 
21 
12 
14 
14 
3% 
15% 
60% 
>99%
>99%
>99%
98% 
>99%
90% 
92% 
21°C 
50°C 
70°C 
100°C 
100°C 
100°C 
100°C 
100°C 
100°C 
100°C 
180°C 
180°C 
180°C 
180°C 
220°C 
260°C 
>295°C 
240°C 
>295°C 
>295°C 
 
7.5. Synthesis of 1,4,6-dimethylbenzene-1,3-dithiol 
S
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O Cl
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Zn, H2SO4
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H3C CH3
S
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Sn, HCl, H2O H3C CH3
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CH3 CH3
H3C CH3
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O Cl
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S
O Cl
O
Ph3P, toluene
SH
18 19  
Scheme 13. Conditions for synthesis of 19
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The reduction reaction, transforming a sulfonyl chloride to a thiol, was explored under 
various conditions. Although this step seemed not to pose any problem, because of 
several reported synthetic procedures of similar reactions, [76]-[80] as shown Scheme 13, 
attempts under condition of 1) Zn?HCl; 2) Zn, H2SO4; 3) Sn, HCl etc. did not give 
rise to the expected product 19; only with the condition of P/I2 in the presence of 
acetic acid could we obtain 19. 
7.6. Analysis of synthesis of 1,3,5-trifluoro-2-(4-methoxymethyl-phenyl
sulfanyl)-4,6-bis-p-tolylsulfanyl benzene based on pathway III 
As section 7.3 depicts, treating compound X with stoichiometric amounts of NBS in 
carbon tetrachloride at reflux temperature could give a mixture of mono- and 
di-substituted brominated intermediates. However, the extremely close polarities 
result in impossible purification by chromatography. Fortunately, no side products in 
the mixture participate in the following reaction with sodium salt of methanol, thus 
offering the possibility to move on to the next step without any purification. Heating 
sodium methylate with the mixture in methanol as solvent resulted in the desired 34
and side product 34’, which now could be separated easily by chromatography, as 
shown in scheme 14. Here, it has to be noted that the amount of sodium salt is of 
importance for the reaction, because if we give an excess amount of sodium methylate, 
the fluorines on the benzene could be substituted to generate SP1 or SP2, resulting in 
difficult purification again, because of the very similar polarities. 
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Scheme 14. Analysis of synthesis of 34 
 
7.7 Attempts for synthesis of 2-(4-(2,4,6-tris(5-(methoxymethylthio)-2,4- dimethyl 
phenylthio)-3,5-bis(p-tolylthio)phenylthio)benzyl)-1H-indene-1,3(2H)-dione
Having established a convenient procedure for the construction of brominated 
asymmetrical tri-substituted intermediate Y, we next chose two protecting groups to 
protect the benzyl unit, because of its influence for the next nucleophilic substitution, 
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shown in Scheme 15. We used the methoxy group (described above) and phthalimide 
as the protecting groups for the different purposes, shown in Scheme 12. When taking 
the methoxy group as the protecting group, it belongs to the pathway III. The 
phthalimide was designed here, because it could be easily transformed into an amine 
by hydrolysis, and thus is a precursor of 1b. With the same methodology for 
synthesizing 34, we got 42, when replacing sodium methylate with the potassium salt 
of phthalimide. The excess amount of potassium salt of phthalimide could substitute 
fluorine on the benzene as well, similar to the reaction in the pathway III. 
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Scheme 15. Pathway for synthesis of 43
After connecting the phthalimide, we tried to proceed in nucleophilic substitution of 
trifluorobenzene. We failed, however, many attempts with the same condition used in 
the case of methoxy group as the protecting group. Then we maintained the rest of 
conditions and increased the temperature to 140 °C. Unfortunately, we still did not get 
the desired product. And we attempted a series of other conditions, but none of them 
worked. The attempts under the condition of DMF, 140 °C could give rise to mono- 
and di-substituted products, shown in Scheme 16. We also tried di-substituted product 
as the starting material to react with one equivalent of
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5-methoxymethylsulfanyl-2,4-dimethyl-benzenethiol, using the same method. The 
results showed that the raw materials did react, but no desired product was formed. 
Although we do not know the reason exactly, we presume that steric hindrance due to 
the phthalimide group is the cause. 
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Scheme 16. Attempts for synthesis of 43 
7.8. Transformation of functional group 
The methoxymethyl group has been used, as the protecting group, to synthesize the 
original iron sulfur complex. In the beginning, we just wanted to follow the described 
method in Holm’s paper.[74] That is one of the reasons why we chose the 
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methoxymethyl group as the protecting group, as well. And also because it could, in 
the synthesis of 22, help to protect one of the thiol groups selectively. The 
methoxymethyl group, however, may participate in the subsequent reaction, the 
functional transformation for attaching to the hydrophobic moiety to form the lipid. 
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Scheme 17. Attempts for forming benzyl bromide residue 
 
Although the structure of the residue of methoxymethylsulfanylbenzene is similar to 
the structure of the residue of methoxymethoxybenzene which could react with boron 
tribromide, no literature report of such kind of reactions was found in Scifinder. So 
we designed the reaction above, shown in scheme 17, trying to get the precursor of 
the novel protected lipid. However, the methoxymethylsulfanyl group did react with 
the boron bromide. In other words, we have to convert the methoxymethylsulfanyl 
group to a suitable functional group, in order to pursue our goal. The potential 
protecting group should meet two conditions: It should not be involved in the reaction 
with boron tribromide; and it should be easily deprotected. After screening the 
protecting groups, we chose the benzoyl (Bz) group as the protecting group.  
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Scheme 18. Structures of side products in the synthesis of 38
 
We improved the reaction of deprotection, mentioned above. In the process of 
getting 39, the intermediate 38 is sensitive to air, which requires moving on to next 
reaction with benzoyl chloride quickly. When exposed to air, the sensitive 
intermediate 38 will be oxidized to form mono-thiol compounds, shown in Scheme 
18, which are stable in the air. Maybe this unstable property could help to connect 
three sulfurs with different metal centers in other cases. 
 
The reaction of 38 with benzoyl chloride in dichloromethane in the presence of 
triethylamine (TEA) gave rise to Bz protected compound 39, shown in Scheme 19. 
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SHS SH
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S O
S
O
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CH2Cl2
    rt
OCH3 OCH3benzoyl chloride
38 39  
Scheme 19. Synthesis of 1-(4-methoxymethyl-phenylsulfanyl)-2,4,6-tris- 
(5-benzoylsulfanyl-2,4-dimethyl-phenylsulfanyl)-3,5-bis-(p-tolylsulfanyl)-benzene 
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7.9. Synthesis of 1-(4-bromomethyl-phenylsulfanyl)-2,4,6-tris-(5-benzoylsulfanyl 
-2,4-dimethyl-phenylsulfanyl)-3,5-bis-(p-tolylsulfanyl)-benzene 
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Scheme 20. Synthesis of 1-(4- bromomethyl-phenylsulfanyl)-2,4,6-tris-(5-benzoyl 
sulfanyl-2,4-dimethyl-phenylsulfanyl)-3,5-bis(p-tolyl sulfanyl) benzene 
 
The conventional reaction of deprotection could be easily achieved with the help of 
boron tribromide, and dichloromethane as solvent, shown in Scheme 20. We ran the 
reaction above and obtained not only the desired compound 40, but also the 
symmetrical intermediate 50, shown in Scheme 21. Their close polarities result in 
impossible purification by chromatography. As in the synthesis of 34, we could be 
able to get our target 1a’, using the mixture as the starting material. Another point 
which should be noted is that the EI mass spectrum only could show the molecular 
ion peak of 50, and only the ESI mass spectrum could demonstrate the existence of 
40. 
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Scheme 21. Structure of the side product in deprotection 
 
 62
7.10. Synthesis and characterization of target 1a’ 
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Scheme 22. Synthesis of target 1a’
 
As shown in Scheme 22, the reaction of 40 with 25 in acetone gave the target 1a’. 
Column chromatography of this crude product with 100:2 CH2Cl2/MeOH (v/v) gave 
the pure target compound. The high resolution mass spectrum confirmed the structure 
of 1a’, shown in Scheme 23. 
 
Scheme 23. High resolution mass report of target 1a’ 
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8. Experiment section 
8.1 General consideration 
All reagents were obtained from Sigma-Aldrich Chemical Co., Acros Chemicals and 
Roth Chemicals and used without further purification. Dry solvents acetonitrile, 
tetrahydrofuran, toluene were first distilled and then dried with molecular sieves 4? 
and 3? 
1H NMR was acquired on a JEOL ECX-400 spectrometer operating at 400 MHz in 
CDCl3 using a 5 mm probe. Mass spectra were recorded using ESI- or micro-TOF 
Bruker Daltonics mass spectrometers and EI Bruker Esquire spectrometer. 
Chromatography was performed on 63-200 mesh silica. 
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8.2 Synthesis of 1,3,5-tribromo-2,4,6-trifluorobenzene 
 
°
F
F F
F
F F
Br Br
Br
Fe, Br2
120 C
5 4
Compound 5 (1.02 g, 7.74 mmol) was heated to 120 °C in the presence of Fe filings 
(500 mg, 8.929 mmol). bromine (6.238 g, 39.48 mmol) was added dropwise to give a 
dark black solution. The mixture was stirred for 1.5 h at 120 °C. The reaction was 
monitored by TLC. The reaction was completed within 2 h, then 100 ml distilled 
water was added. The aqueous phase was extracted three times with methylene 
chloride (30 mL). The organic phase was washed with 10% aqueous NaOH (50 mL) 
and saturated brine (30 mL). The solvent was removed under vacuum to give 2.272 g 
(88.75%) of a light brown solid of 4, essentially pure by TLC. 
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8.3 Synthesis of 1,3,5-trifluoro-2,4,6-tris-(p-tolylsulfanyl)-benzene 
°
4
S
Cu
SHCu2O
C2H5OH
48h
reflux
S
F
S
F
S
F
F
F
Br
F
Br
DMF, 140 C
Br
13
27
X  
 
27 (644.8 mg, 5.2 mmol) and cuprous oxide (186 mg, 1.3 mmol) were heated in 
ethanol (30 mL) at 78 °C for 48 h. The solid was filtered and washed with ethanol (50 
mL). Then a slurry of solid obtained above and 4 (213 mg, 0.581 mmol) in DMF (30 
mL) was maintained at 140 °C for 36 h. The mixture was poured into 12 N HCl (10 
mL) and ice (50 g) and extracted three times with diethyl ether (50 mL). The 
combined filtrates were washed twice with 10% aqueous K2CO3 (30 mL) and once 
with saturated aqueous NaCl (30 mL) and dried over Na2SO4. Removal of diethyl 
ether gave a yellowish-white solid; recrystallization from 9:1 hexane/CHC13 (v/v) 
afforded 151 mg (53%) of pure X as a fluffy white solid. 
 66
8.4 Synthesis of 1,3,5-trifluoro-2-(4-methoxymethyl-phenylsulfanyl)-4,6-bis-p-
tolylsulfanyl benzene 
S
F
S
F
S
F
1) NBS/BPO
CCl4
S
F
S
F
S
F OCH3
2) CH3OH
34X
reflux
reflux
NaOCH3
 
 
Compound X (99.6 mg, 0.2 mmol), N-bromosuccinimide (39.16 mg, 0.22 mmol, 1.0 
equiv) and benzoyl peroxide (45mg, 0.186 mmol) were heated in CCl4 (25 mL) at 
reflux temperature. The reaction was monitored by TLC and was completed within 5h. 
The solid was filtered off and the solvent of the filtrate was removed under vacuum. 
The residue was added to a round-bottom flask in the presence of NaOCH3 (16 mg, 
0.4mmol) and CH3OH (25 mL). The mixture was heated to reflux. The reaction was 
monitored by TLC and was completed within 4 h. MeOH was removed under vacuum 
to give a crude procuct. Column chromatography of this crude product with 1:60 ethyl 
acetate/hexanes (v/v) gave 23 mg (21.8%) of white solid 34.  
1H NMR (200 MHz, CDCl3): ? =7.0424-7.2520 (m, 12 H, Ar-H), 4.3963 (s, 2H, 
OCH2), 3.3619 (s, 3H, OCH3), 2.3001 (s, 6H, CH3) ppm.  
HRMS (ESI): m/z calcd for C28H23F3OS3+Na+: 551.0761 [M+Na+]; found: 551.0775 
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8.5 Synthesis of 4,6-dimethylbenzene-1,3-disulfonyl dichloride 
CH3
CH3
ClSO3H
H3C CH3
S S
O Cl
OO
OCl150 C
°
17 18  
Compound 17 (1.29 g, 12.17 mmol) and chlorosulfonic acid (8.83 g, 75.8 mmol, 5 
mL) were heated to 150 °C for 5h. The reaction was monitored by TLC. The solution 
was poured into 150 g of ice and the solid was filtered and washed by water then 
dried under vacuum to give 3.43 mg (93.5%) of grey solid of 18, essentially pure by 
TLC. 
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8.6 Synthesis of 1,4,6-dimethylbenzene-1,3-dithiol 
H3C CH3
S S
O Cl
OO
OCl
H3C CH3
HS SH
P/I2
18 19
acetic acid, reflux
 
 
Red phosphorus (500 mg, 16.13 mmol), iodine (100 mg, 0.39 mmol) and acetic acid 
(25 mL) were heated to reflux. Then 18 (1 g, 3.31 mmol) was added in 20 portions 
over 40 mins. The mixture was refluxed for 2 h. Thereafter, water (4 mL) was added 
to the mixture and reflux was continued for another hour. The reaction was monitored 
by TLC. The solid was filtered off and excess water was added to the filtrate to 
precipitate. The precipitate was filtered and washed with water and dried under 
vacuum. Column chromatography of this crude product with 1: 20 CH2Cl2/hexanes 
(v/v) gave 292.6 mg (52%) white solid of 19.  
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8.7 Synthesis of 5-methoxymethylsulfanyl-2,4-dimethyl-benzenethiol 
H3C CH3
HS SH
H3C CH3
S SH
DMF, rt
OClCH2OCH3
NaHCO3
19 21  
 
 
Compound 19 (100 mg, 0.588 mmol), sodium bicarbonate (74 mg, 0.88 mmol, 1.5 
equiv) and chloromethyl methyl ether (66.8 mg, 0.8298 mmol, 63 ?L, 1.4 equiv) were 
added to a two-neck round-bottom in the presence of DMF (30 mL). The mixture was 
stirred at room temperature under nitrogen. The reaction was monitored by TLC and 
completed within 12h. Thereafter, water (30 mL) was added to the mixture and 
extracted by CH2Cl2. The combined organic phases were washed with aqueous 20% 
NaOH (30 mL) then the aqueous phase was acidified by 6N hydrochloric acid to 
attain a value of pH 2. The solid which formed was filtered and then dried under the 
vacuum to give a crude oil. Column chromatography of this crude oil on silica with 
1:40 CH2Cl2/hexanes (v/v) gave 88 mg (70%) oil of 21. The characterizations are 
consistent with the data reported.
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8.8 Synthesis of 1-(4-methoxymethyl-phenylsulfanyl)-2,4,6-tris-(5-methoxy-
methyl sulfanyl-2,4-dimethyl-phenylsulfanyl)-3,5-bis-(p-tolylsulfanyl)-benzene 
H3C CH3
S SHO
21
S
S
S
S
S
SS S
S
DMEU,85 C
OCH3
H3CO
OCH3
°
S
F
S
F
S
F
34
+
2d
35
OCH3
OCH3
 
 
 
To a slurry of dry NaH (66 mg, 2.75 mmol) in THF (20 mL), 21 (558 mg, 2.61 mmol, 
10 equiv) was added. After dihydrogen evolution subsided, the solvent was removed 
in vacuo. The gummy residue was dissolved in 1,3-dimethyl-2-imidazolidinone 
(DMEU) (30 mL), and 34 (130 mg, 0.261 mmol) was added rapidly. The solution 
slowly changed to a red-orange color upon heating. The reaction mixture was stirred 
for 4 days at 85 °C. Most of the DMEU was distilled off in vacuum, and the residue 
was dissolved in diethyl ether (15 mL) and poured into a 10% K2CO3 solution (20 
mL). The aqueous phase was extracted with diethyl ether. The organic layer was 
washed with 10% K2CO3 (20 mL) and saturated sodium chloride solution (20 mL) 
and dried with Na2SO4. Column chromatography with toluene gave 124.6 mg (43%) 
yellow solid of 35. 
 
1H NMR (200 MHz, CDCl3): ? =6.8122-7.0493 (m, 18 H, Ar-H), 4.7184 (s, 6H, 
OCH2S), 4.3265 (s, 2H, Ar-CH2), 3.3207 (s, 9H, CH3OCH2S), 2.1042-2.2611 (m, 
24H, methyl) ppm.  
MS (ion- trap): m/z = 1133 [M + Na+] and 1145 [M + Cl-] 
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8.9 Synthesis of 1-(4-methoxymethyl-phenylsulfanyl)-2,4,6-tris-(5-benzoyl-
sulfanyl-2,4-dimethyl-phenylsulfanyl)-3,5-bis-(p-tolylsulfanyl)-benzene 
S
S
S
S
S
SS S
S
S
S
S
S
S
SHS SH
SH
OCH3
H3CO
OCH3
S
S
S
S
S
SS S
S
Ag
Ag Ag
AgNO3
EtOH
NaSH.XH2O
CH2Cl2
rt
S
S
S
S
S
SS
O
S O
S
O
Triethylamine
Benzoyl chloride
CH2Cl2
rt
OCH3
OCH3
OCH3
OCH3
35 37
38
39  
 
Compound 35 (19 mg, 0.017 mmol), silver nitrate (23.3 mg, 0.137mmol) and 95% 
EtOH (20 mL) were added in a two-neck round-bottom flask. The mixture was stirred 
at room temperature over night under nitrogen. Then the EtOH was removed under 
vacuum and water (20 mL), CH2Cl2 (20 mL) and NaSH (28.56 mg, 0.51 mmol) were 
added to residue. The mixture was stirred for one additional hour and the precipitate 
formed was filtered off. The organic phase was washed three times with water and 
dried with Na2SO4. After removal of Na2SO4, benzoyl chloride (2.39 mg, 0.017 
mmol) and triethylamine (3.43 mg, 0.034mmol) were added to the dried organic 
phase. The mixture was stirred at room temperature under nitrogen. The reaction was 
monitored by TLC and completed within 10h. Removal of solvent gave a yellow oil. 
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Column chromatography of this crude oil with 2:1 CH2Cl2/hexanes (v/v) gave 5 mg 
(23%) yellow solid of 39. 
1H NMR (200 MHz, CDCl3): ? =6.7686-8.0069 (m, 33 H, Ar-H), 4.2108 (s, 2H, 
OCH2), 3.2554 (s, 3H, OCH3), 2.0950-2.1867 (m, 24H, CH3) ppm. 
MS (ion- trap): m/z = 1313 [M + Na+] and 1325 [M + Cl-] 
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8.10 Synthesis of 1-(4-bromomethyl-phenylsulfanyl)-2,4,6-tris-(5-benzoyl 
sulfanyl-2,4-dimethyl-phenylsulfanyl)-3,5-bis-(p-tolylsulfanyl)-benzene 
S
S
S
S
S
SS
O
S O
S
O
S
S
S
S
S
SS
O
S O
S
O
BBr3
CH2Cl2
OCH3
Br
39 40
Compound 39 (5 mg, 0.004 mmol) was dissolved in CH2Cl2 (10 mL) in a 25 mL 
round-bottom flask. BBr3 (1 mg, 0.004mmol) was added to mixture. The reaction was 
monitored by TLC and completed within 20 mins. The solution was poured into 15g 
of ice. The organic phase was washed three times with water and dried with sodium 
sulfate. Removal of solvent gave 5 mg (96.4%) yellow solid of 40. 
MS (ion- trap): m/z = 1363 [M + Na] + and 1375 [M + Cl-]
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8.11 Synthesis of 4-(1-hexadecyl-heptadecyl)-pyridine[70]
N
N CH3 n-C16H33Br
6 7
25
n-butyllithium
diisopropylamine
diethyl ether
-15°C-rt
A solution of n-butyllithium (24.6 mL, 2.5 M in 100 ml hexane) was added to a 
solution of diisopropylamine (8,854 mL) in dry diethyl ether (210 mL) at -15°C. After 
stirring for 30 min, 4-picoline (4.75 g, 51 mmol) was added dropwise. The resulting 
red solution was stirred for 1h at -15°C and then a solution of 1-bromohexadecane 
(18.79 mL) in dry diethyl ether (20 mL) was added in one portion. The reaction was 
allowed to gradually warm up to room temperature and stirred overnight. Diethyl 
ether (100 mL) was added and the reaction mixture washed with 1 M NH4Cl solution 
(200 mL), dried with Na2SO4 and evaporated to dryness with the water aspirator. The 
residue was further purified by recrystallization from acetone to give 8.93 g (32.3%) 
of 25. 
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8.12 Synthesis of 4-(1-hexadecyl-heptadecyl)-1-{4-[2,4,6-tris-(5-benzoylsulfanyl- 
2,4-dimethylphenylsulfanyl)-3,5-bis-(p-tolylsulfanylphenylsulfanyl)]-benzyl}-pyri
dinium bromide 1a’. 
S
S
S
S
S
SS
O
S O
S
O
40
Br
acetone
1a'
N
Br
N
reflux25
S
S
S
S
S
SS
O
S O
S
O
 
 
25 (5.4 mg, 0.01mmol) and 40 (9 mg, 0.0067 mmol) were added to acetone (10 ml) in 
a 25 ml round-bottom flask. The mixture was stirred at reflux overnight. Removal of 
solvent gave a crude product. Column chromatography of this crude oil on silica with 
100:2 CH2Cl2/MeOH (v/v) gave 5 mg (71.4%) of 1a’. 
HRMS (Tof): m/z calcd for C110H130F3NO3S9+: 1800.7537 [M+H+]; Found: m/z = 
1800.7532 [M + H+]. 
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9. Summary
The synthesis of a lipid-bound protected ligand of the [Fe4S4] hydrogenase complex 
was achieved. The ?,?-dialkylpicoline, as novel hydrophobic moiety, was used in this 
case. In the synthesis path, some preparations of known intermediates have been 
improved. A few potential causes for unsuccessful attempts were indicated. 
Complexation to the [Fe4S4] cluster, incorporation into liposomes and investigation of 
its redox behavior in aqueous liposomal suspensions is now in progress.  
10. Outlook 
The final pathway for the synthesis of lipid-bound ligand comprises more than 15 
steps, and results in low yield. Some intermediates synthesized are difficult to purify, 
which leads to poor yield as well. Maybe we could optimize the synthetic pathway to 
increase the yield and simplify the chemical synthesis. For example, we treat 34 with 
boron tribromide to get 51 first, which could connect with 25 to generate 52. The 
nucleophilic reaction maybe could give rise to the desired protected lipid-bound 
ligand under the same condition used before, as shown in scheme 24. This synthetic 
pathway could avoid the steps of transformation of functional group that can simplify 
the chemical synthesis and increase the yield 
 
Because of the air sensitivity of 38, it is easily to be oxidized into mono thiol products 
48 and 49. We presume that the final lipid-bound ligand should have the same 
property. Maybe we could protect one thiol and use the remaining two thiols to 
coordinate with a metal center to form lipid-bound [Fe2S2] cluster. In the meantime, if 
it works, maybe we could use the ligand of the lead [Fe4S4] cluster to synthesize 
[Fe2S2] cluster, using the same methodology. 
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The final lipid-bound ligand was synthesized in order to be used to investigate 
primitive biosystems. And the ligand prepared by might also be used for modification 
of other surfaces such as carbon nanotubes with the goal of hydrogen production; 
protein hydrogenases have already been attached covalently to them.[81] 
S
F
S
F
S
F
34
OCH3
N
C16H33
C16H33
25
H3C CH3
S SNaO
S
S
S
S
S
SS S
S
22
53
S
F
S
F
S
F
Br
S
F
S
F
S
F
N
C16H33
C16H33
Br
51
52O
O
O
N
C16H33
C16H33
BBr3, CH2Cl2
0°C
acetonitrile,reflux
DMEU,85°C
Br
Scheme 24. Potential synthetic pathway 
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Part B. Synthesis of “precursor” of novel ligand for [Fe4S4] Cluster 
1. Introduction 
The different chemical groups have their unique electron distribution, which will 
affect electron density of binding groups or ligands. According to this property, people 
used to modify the structure of molecules in order to achieve their aims, such as 
structural modification in drug discovery.[1] In iron sulfur cluster chemistry, the 
modification of ligands will change the electron density of ligands, and could change 
the redox potentials of iron sulfur cluster as well as enzymes with iron sulfur 
clusters.[2][3][4] 
 
In the first part, we tried to attach a modified ligand to a hydrophobic moiety to form 
a novel lipid, which could be used to research on primitive biosystems. The ligand we 
chose to modify belongs to the category of [Fe4S4] cluster, the type first found in the 
active site of iron sulfur proteins. Many chemists worked on this category because of 
its unique characteristics.[5] More and more novel [Fe4S4] clusters were synthesized 
and identified, which greatly promoted the development of iron sulfur clusters.[6]  
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Figure 17. The structure of the lead cluster (left) and designed cluster (right) 
 
According to the experience in modification of ligand of [Fe4S4] cluster, shown the 
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structure in Figure 17, one idea came to our minds that if we could modified the 
original ligand first, trying to find a complex with different redox potential, maybe we 
could find its new electronic properties in certain redox reactions and then its 
functionalization, not only on primitive biosystems but also on some other aspects 
such as attachment to carbon nanotubes with the goal of hydrogen production.[7] 
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Figure 18. Structures of [Fe4S4] clusters with different redox potentials 
 
Going through the database of iron sulfur clusters in the literature, we found that there 
are plenty of iron sulfur clusters with aliphatic ligands that have unique electronic 
properties.[8]-[12] And for iron sulfur clusters, the modification of ligand could change 
redox potential. Examples for different ligands contribute to different redox potentials 
are I, II, III, shown in Figure 18. The redox potential is shifted by +440 mV, when one 
of the -SDmp ligands in I is replaced by 1,2,4,5-tetramethyl-1h-imidazole. The in-situ 
generated [Fe4S4] cluster with a 4-methyl-imidazole (4-MeIm) ligand, 
[Fe4S4(LS3)(4-MeIm)]-, shows a redox couple more positive by 320 mV than the 
cluster having an ethane-thiolate instead of 4-MeIm, [Fe4S4(LS3)(SEt)]2-.[13] So in our 
case, we believe that it is a good objective to use aliphatic units, instead of aromatic 
units in the original structure of ligand. Then the task is clear that we would like to 
synthesize the complex with the aliphatic units rather than aromatic units, then to 
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investigate its electronic property and further applications. 
 
  
54                                    55 
Figure 19. Simulation of steric structures of aromatic and aliphatic ligands 
 
In the case of the lead iron sulfur cluster, the two methyl groups in the residue of 
m-xylene, pushing the rigid benzene units close to metal centers, play a very 
important role in the complexation. In the proposed iron sulfur cluster, however, such 
methyl groups are absent. We still believe it could be coordinated, because of the 
results of the simulation by Chem3D, as shown in the Figure 19. The thiols could 
point to each other at the minimum energy that affords possibility to coordinate with 
metal center. 
 
2. Results and Discussion 
2.1 Designed synthetic pathway I in part B. 
With the experience of synthesizing the lead [Fe4S4] cluster, we next designed 
pathway I to try to synthesize the aliphatic ligand, using the same methodology as for 
the aromatic ligand, shown in Scheme 25.
Although the attacking ability of 58 is weaker than that of 56 for nucleophilic 
substitution, it is not known whether it is too weak to substitute three fluorines on the 
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benzene while three residues of toluene exist on the central benzene. So in the 
beginning, we designed the synthetic pathway I. The aliphatic unit we initially 
designed is 58, because we believed that after connection with 
1,3,5-trifluoro-2,4,6-tris-p-tolylsulfanyl-benzene, the deprotection reaction could give 
rise to the desired ligand easily. However, for the synthesis of 58, no feasible 
synthetic pathway of a 1,3-mono-protected dithiol was found in SciFinder. Hence, we 
have to give up using 58 as the nucleophile. 
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S
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Scheme 25. Designed pathway I in part B  
 
2.2 Designed synthetic pathway II in part B 
The reaction of getting cyclohexanethiol from cyclohexanone,[14][15] shown in Scheme 
26, gave us a hint that maybe we could use 3-mercapto-cyclohexanone as the 
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attacking groups to participate in nucleophilic substitution, then get the desired target 
by group transformation after successful connection. 
O S
1)(Me3Si)2S, Me3SiSO3CF3,MeCN
2)P2S5,Me3SiSO3CF3,4 min,rt
3)P4S10,Al2O3, MeCN, 2h, reflux
NaBH4
MeOH,rt
SH
OH
O
SO O
CH3
S
O
KS(O)CCH3
60 61 62
63 64 65
CH2Cl2
   0°C
KOH, EtOH
     refulx
methanesulfonyl chloride
EtOH, reflux
 
Scheme 26. Functional group transformation 
 
Therefore we designed the synthetic pathway II, shown in Scheme 27. First we 
planned to get the protected 3-mercapto-cyclohexanone by a Michael addition 
reaction from the starting material cyclohex-2-enone; subsequent hydrolysis could 
give rise to 3-mercapto-cyclohexanone which can be utilized in the nucleophilic 
reaction to react with 1,3,5-trifluoro-2,4,6-tris-p-tolylsulfanyl-benzene. The functional 
group transformation from carbonyl to thiol could be completed with the 
methodology described above. 
 
Reaction of cyclohex-2-enone, thioacetic acid and indium chloride in 
1,2-dichloroethane at 60 °C for 6 h provided 68.[16] The reaction of hydrolysis was 
explored under various conditions. Although this step seemed not to pose any 
problem, because it belongs to simple hydrolysis of ester, attempts under conditions 
of 1) KOH?EtOH; 2) NaOH, EtOH; 3) t-BuONa, EtOH; did not give rise to the 
expected product 69, only with candida rugosa lipase (CRL) (Wsubstrate: Wlipase=1:1) in 
aqueous phosphate buffer (pH=7)[16] could we obtain the desired product. With the 
key intermediate 69 in hands, next we turned our attention to nucleophilic substitution 
of fluorine in X by sulfur. Unfortunately, attempts of substitutions of fluorine in X by 
69 failed. We do not know the reason exactly, but we presume that is because the 
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electron density of sulfur on aliphatic carbons is smaller than on aromatic carbons, as 
characterized by pKa.[17] The same result was obtained by simulation, using density 
functional theory. 
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Scheme 27. Designed synthetic pathway II in part B
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2.3 Final synthetic pathway III in part B 
Origin of idea: 
O O
S
O
InCl3
ClCH2CH2Cl
O SH
HS SH
+
S
S S
O
O
O
66 68
66 75
76
 
Scheme 28. Origin of the idea for Pathway III in part B 
 
The idea of this pathway originated from the reaction of 66 with 67, shown in the 
Scheme 28. With catalyst, the Michael addition reaction of 66 with 67 could replace 
the initially chosen nucleophilic substitution in our case and lead to the same 
compound. First, we tried Michael addition reaction with the available 66 and 75 as 
starting materials and the positive result shows that the designed pathway III probably 
could be successful to create symmetrical aliphatic intermediate 70. 
Pathway III in part B: 
The details of attempts for synthesizing key intermediate 77 are shown in section 2.6. 
Michael addition reaction of 77 with 66 gave rise to 70 in the presence of cyanuric 
trichloride. The subsequent steps are the same as the Pathway II depicts, shown in 
Scheme 29. 
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Scheme 29. Synthetic Pathway III in part B 
2.4 Synthesis of 3-mercapto-cyclohexanone 
For the synthesis of 3-mercapto-cyclohexanone, only three papers give the details 
about synthetic pathways.[16][18][19] The synthesis of the desired compound 69, shown 
in Scheme 30, was through one, two, or three steps, respectively. For the one-step 
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synthesis, hydrogen sulfide was used as reagent, NMP as solvent, zeolites as solid 
acid catalyst. Although this is a short procedure, it requires very good controlling of 
the hydrogen sulfide pressure (from 0.61 MPa to 0.57 MPa)[18] that is difficult in the 
lab. For the three-step reaction, the desired 3-mercapto-cyclohexanone was obtained 
through Michael addition, substitution and reduction. All the manipulations are 
conventional, but we finally gave up this methodology after analysis of the cost and 
yields. Finally, we decided to choose the methodology shown in Scheme 6 for 
synthesis. In the process of pathway II, the Michael addition reaction is not a big 
problem, while the reaction of hydrolysis is. The intermediate 68 is a normal ester, so 
we chose conventional bases such as sodium hydroxide, potassium hydroxide and so 
on to work on first. To our surprise, all the attempts failed. The successful 
methodology for getting 3-mercapto-cyclohexanone was mentioned above. 
O O
SH
   H2S, NMP,2°C - 7°C; 7°C - 100°C; 5 h, 
   100°C, 0.61 atm - 0.57 MPa; 100°C - 25°C
O
S Si
O
S S
MeSSHMe2BF4
Ice Bath,4h
n-Bu3P, 10%aqueous
CH3OH, 25 °C, 1 h;
O
S
O
InCl3
ClCH2CH2Cl
Lipase
 PH=7
NaH, THF
66
68
69
pathway one
pathway two
pathway three
78 79  
Scheme 30. Synthetic pathways for 69 
 
2.5 Attempts for synthesis of 3,3'-(5-(3-oxocyclohexyloxy)-2,4,6-tris(p-tolyl
thio)-1,3-phenylene) bis(sulfanediyl)dicyclohexanone 20. 
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With the intermediate 3-mercapto-cyclohexanone in hand, we next attempted to create 
the symmetrical aliphatic system, shown in Scheme 31, with the methodology utilized 
before in the case of aromatic system. First we treated the substrates under the 
condition of THF, NaH, DMEU, 85 °C. We could not, after several attempts, however, 
get the desired product. Then we continued to try the same condition, but with higher 
temperature. Unfortunately, with temperatures higher than 85 °C, the reaction mixture 
became dark and was found to contain a lot of impurities by TLC. And when 
replacing DMEU by DMF, the results were nearly same. We think the substrates 
maybe are not stable in the high temperature in the presence of sodium hydride. So we 
tried a few conditions without base, but we still did not succeed in obtaining the 
aliphatic system, even no mono-substituted compound. 
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Scheme 31. Attempts for synthesis of 70 based on pathway I
 
2.6 Synthesis of 2,4,6-tris(p-tolylthio)benzene-1,3,5-trithiol 
2.6.1 Attempt I 
With the important intermediate X in our hands, we tried to use alkyl thiolate to 
substitute three F then to deprotect to obtain the desired intermediate 77, as Scheme 
32 shows. In order to simplify the deprotection, we first chose the isobutyl group as 
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the protecting group, as it could be easily deprotected by boron tribromide or 
aluminum trichloride. Unfortunately, the attempts for substituting fluorine by isobutyl 
thiolate failed. In the literature,[20] synthesis of 85 with isobutyl group by nucleophilic 
substitution from 5 failed as well. Then, following the literature about substitution of 
F,[20] we next succeeded in obtaining intermediates 81 and 82 when treating the 
sodium salt of isopropyl mercaptane and methylmercaptane with X, respectively. We 
analyzed the reaction of X with sodium salt of methylmercaptane seriously and 
presumed that the hindrance of three iso-butyl groups and the nucleophilicity of 
fluorene are the causes of failure.  
 
Next we began to work on the deprotection of compound 82. There are plenty of 
papers on deprotection of isopropyl groups connected to sulfur. So we chose some 
conventional methodologies to deprotect. However, the attempts of deprotection 
under the condition of 1) Na, DMEU, 100 °C;[21] 2) THF, naphthalene, Na, rt;[22] 3) 
THF, naphthalene, Na, reflux;[23] did not give rise to the expected product; rather, 
under the first condition, the bonds between sulfurs connect with residue of toluene 
and central benzene were broken to generate 4-thiocresol; under the second and the 
third conditions, no reactions occurred. Maybe the three residues of toluene stabilize 
the bonds between the sulfur and the isopropyl group, because without the residues of 
toluene, the deprotection could be easily finished, as Scheme 8 depicts. 
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Scheme 32. Attempts I for synthesis of 77 
 
2.6.2 Attempt II 
In the attempt I, 81 and 82 could be synthesized but could not be deprotected to 
generate 77, while 80 probably could be deprotected to give 77, but the attempts for 
synthesis from X failed. The literature[20] confirmed that 1,3,5-trifluorobenzene could 
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not be substituted by t-butylthio groups as well, but 1,3,5-trichlorobenzene could, 
under the condition of DMSO, 150 °C.[24] So the idea of pathway II is to use chlorine 
to replace fluorine, followed by nucleophilic substitution to get desired 80, shown in 
scheme 33. 
 
The important intermediate 86 could be obtained by bromination from 
1,3,5-trichlorobenzene, followed by reacting with copper thiolate. After that, we tried 
to use 86 to react with sodium salt of isobutylmercaptane, in hope to get the desired 
product 80. Unfortunately again, we failed all the attempts under the conditions of 
DMSO, 150 °C and others.
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Scheme 33. Attempt II for synthesis of 77
 
2.6.3 Attempt III 
The attempt III for synthesizing 77 originates from the idea of attempt I. Sodium 
hydrosulfide was used instead of sodium methylmercaptane and sodium 
isopropylmercaptane, for the attempt to substitute three fluorines, shown in Scheme 
34. The attempt of X and sodium hydrosulfide in DMF at room temperature gave rise 
to mono-substituted product. Then the same reaction was tried at different 
temperature in hope to get the tri-substituted product. Below 80 °C, the reaction is the 
same as the reaction at room temperature. Above 80 °C, the substrate became instable, 
as followed by TLC. According to our previous experience, we believe that the 
 97
electronic effect of the thiol group is the key point for the second and third 
substitutions. We chose chloromethyl methyl ether, because of the donating property, 
as the protecting group to protect the mono-thiol group first. Then we attempted the 
reaction with the same condition again, using 89 as starting material. Luckily, we 
succeeded in getting 90. In other words, this method could work in this case, by 
protection and deprotection, to get 77. After that, protection by chloromethyl methyl 
ether and substitution by sodium hydrosulfide again gave rise to intermediate 92, 
which could be as precursor to get 77 when treating it with silver nitrate and sodium 
hydrosulfide, shown in Scheme 10. 
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Scheme 34. Attempt III for synthesis of 77 
 
The tries for getting 77 are shown in Scheme 35. First, we treated 92 under the same 
condition used before, which is silver nitrate in methanol, followed by sodium 
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hydrosulfide in dichloromethane. The condition did deprotect the methoxymethyl 
group. However, what we obtained was 93, even at reflux temperature. We analyzed 
the reactions and concluded that the reaction stopped at the intermediate step because 
of the solubility of the chemicals in methanol: 92 could dissolve in methanol, while 
93 could not, that limited the proceeding of the deprotection reaction. To choose a 
suitable solvent in the deprotection is the key point. Acetonitrile and THF have been 
used for this reaction. Acetonitrile could generate the derivative of trithiolbenzene, 
but most of the product was 93, probably because of the bad solubility of 93 in 
acetonitrile as well. THF could give rise to higher yield than the case of acetonitrile, 
due to the better solubility. 
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Scheme 35. Synthesis of 77 by deprotection 
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2.7 Synthesis of 3,3',3''-(2,4,6-tris(p-tolylthio)benzene-1,3,5-triyl)tris(sulfanediyl)     
tricyclohexanone by Michael addition reaction 
The Michael addition reaction of cyclohex-2-enone with benzenethiol was 
investigated before, shown in Scheme 36, under several conditions, such as 1) 
Na2B4O7, H2O;[25] 2) methylimidazolium tosylate, acetonitrile;[26] 3) vanadyl ditriflate, 
dichloromethane, acetonitrile;[27] 4) cyanuric trichloride, H2O, acetonitrile,[28] etc.. 
According to these matured methodologies for Michael addition reactions, we 
planned to try the reaction, catalyzed by cyanuric trichloride, with the substrate of 77. 
The catalytic mechanism of cyanuric trichloride is shown in Scheme 37. 
O
+
SH
S
O1) Na2B4O7, H2O
2)methylimidazolium tosylate, acetionitrile
4)cyanuric trichloride, H2O, acetonitrile
3)vanadyl ditriflate, dichloromethane, acetonitrile
 
 
Scheme 36. Michael addition reaction of cyclohex-2-enone with benzenethiol 
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Scheme 37. Mechanism of Michael addition reaction catalyzed by cyanuric 
trichloride[28] 
 
First of all, we, following the literature,[28] chose acetonitrile as the solvent to proceed 
in the reaction. However, because of the poor solubility of 77 in acetonitrile, the 
Michael addition reaction did not work. Then we tried the reaction in THF, which 
could dissolve 77. When reacting at room temperature, no reaction occurred; when 
reacting at 45 °C, the reaction could work to give rise to the desired intermediate 70, 
shown in scheme 38. 
?
 102
Attempt: 
SH
S
SH
S
HS
S
S
S
S
S
S
S
O
O
O
O
+ N N
NCl Cl
Cl
+
THF, H2O
45 C°
66 77
70
94
improved condition
 
 
Scheme 38. Synthesis of 70 by Michael addition 
 
2.8 Synthesis of 3,3',3''-(2,4,6-tris(p-tolylthio)benzene-1,3,5-triyl)tris(sulfanediyl) 
tris(cyclohexane-3,1-diyl) trimethanesulfonate 
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Scheme 38. Synthesis of 72 from 70 
 
The precursor of the aliphatic ligand, 72, could be easily obtained by reduction and 
substitution reactions from key intermediate 70, as Scheme 38 shows. 
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3. Conclusion and outlook 
 
The synthetic pathways for getting a precuror of an aliphatic ligand of [Fe4S4] cluster 
were investigated. The synthesis of the target 72 was achieved by Michael addition 
reaction, nucleophilic substitution, reduction and so on. After converting to the final 
aliphatic ligand, it could be possible to coordinate with an iron sulfur center to get a 
novel iron sulfur cluster that can be used to investigate its catalytic property in 
comparison with the aromatic iron sulfur cluster described above. The potential 
applications comprise the research on primitive bio-systems and functional materials 
when incorporating into nanotube etc. 
 
4 Experiment Section 
4.1 General consideration 
All reagents were obtained from Sigma-Aldrich Chemical Co., Acros Chemicals and 
Roth Chemicals and used without further purification. Dry solvents acetonitrile, 
tetrahydrofuran, toluene were first distilled and then dried with molecular sieves 4? 
and 3? 
Mass spectra were recorded using ESI Bruker Daltonics mass spectrometers. 
Chromatography was performed on 63-200 mesh silica. 
 
As there is strong interaction between all the intermediates and silica gel, the 
purification by column chromatography only could give essential purity for the 
following synthetic steps. 
Due to the limit of amount and purity of intermediates, only ESI mass spectra were 
used for characterization. 
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4.2 Synthesis of 3,5-difluoro-2,4,6-tris-p-tolylsulfanyl-benzenethiol 
S
F
S
SH
S
F
S
F
S
F
S
F
DMF, rt
88X
NaSH
 
 
Compound X (100 mg, 0.2 mmol) and sodium hydrosulfide (17 mg, 0.3 mmol, 1.5 
equiv) were added to a two-neck round-bottom flask in the presence of DMF (30 mL). 
The mixture was stirred at room temperature under nitrogen. The reaction was 
monitored by TLC and was complete within 1h. Thereafter, water (30 mL) was added 
to the mixture; then the system was acidified by 6N hydrochloric acid to attain a value 
of pH 2 and extracted with CH2Cl2 (30 mL). The combined organic phases were 
washed with saturated brine three times and dried with sodium sulfate. Removal of 
solvent gave 95 mg (93%) 88 which was essentially pure.  
MS (ion- trap): m/z = 535 [M + Na+]. 
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4.3 Synthesis of 1,3-difluoro-5-methoxymethylsulfanyl-2,4,6-tris-p-tolylsulfanyl-
benzene 
S
F
S
SH
S
F
DMF, rt
ClCH2OCH3
S
F
S
S
S
F
CH2OCH3
K2CO3
88 89  
 
Compound 88 (100 mg, 0.195 mmol), potassium carbonate (41 mg, 0.297 mmol, 1.5 
equiv) and chloromethyl methyl ether (22 mg, 0.273 mmol, 1.4 equiv) were added to 
a two-neck round-bottom flask in the presence of DMF (30 mL). The mixture was 
stirred at room temperature under nitrogen. The reaction was monitored by TLC and 
was complete within 12h. Thereafter, water (30 mL) was added to the mixture and 
extracted by CH2Cl2 (30 mL). The combined organic phases were washed with 
saturated brine three times and dried with Na2SO4. Removal of solvent gave 102 mg 
(94%) 89 which was essentially pure.
MS (ion- trap): m/z = 579 [M + Na+]. 
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4.4 Synthesis of 3-fluoro-5-methoxymethylsulfanyl-2,4,6-tris-p-tolylsulfanyl 
-benzenethiol 
S
F
S
S
S
F
CH2OCH3
S
F
S
S
S
SH
CH2OCH3
DMF
89 90
NaSH
 
 
Compound 40 (100 mg, 0.18 mmol) and sodium hydrosulfide (15 mg, 0.27 mmol, 1.5 
equiv) were added to a two-neck round-bottom flask in the presence of DMF (30 mL). 
The mixture was stirred at room temperature under nitrogen. The reaction was 
monitored by TLC and was complete within 1h. Thereafter, water (30 mL) was added 
to the mixture then the system was acidified by 6N hydrochloric acid to attain a value 
of pH 2 and extracted by CH2Cl2 (30 mL). The combined organic phases were washed 
with saturated brine three times and dried with sodium sulfate. Removal of solvent 
gave 94 mg (92%) 90 which was essentially pure. 
MS (ion- trap): m/z = 593 [M + Na+]. 
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4.5 Synthesis of 1-fluoro-3,5-bis-methoxymethylsulfanyl-2,4,6-tris-p-tolyl sulfan- 
yl-benzene 
S
F
S
S
S
SH
CH2OCH3
DMF, rt
S
F
S
S
S
S
CH2OCH3
ClCH2OCH3
K2CO3
H3COH2C
90 91  
 
Compound 90 (100 mg, 0.175 mmol), potassium carbonate (36.3 mg, 0.263 mmol, 
1.5 equiv) and chloromethyl methyl ether (20 mg, 0.245 mmol, 1.4 equiv) were added 
to a two-neck round-bottom in the presence of DMF (30 mL). The mixture was stirred 
at room temperature under nitrogen. The reaction was monitored by TLC and 
completed within 12h. Thereafter, water (30 mL) was added to the mixture and 
extracted by CH2Cl2 (30 mL). The combined organic phases were washed with 
saturated brine three times and dried with Na2SO4. Removal of solvent gave 101 mg 
(95%) 91 which was essentially pure.  
MS (ion- trap): m/z = 637 [M + Na+]. 
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4.6 Synthesis of 3,5-bis-methoxymethylsulfanyl-2,4,6-tris-p-tolylsulfanyl- 
benzenethiol 
S
F
S
S
S
S
CH2OCH3
H3COH2C
DMF, rt
NaSH
S
HS
S
S
S
S
CH2OCH3
H3COH2C
91
92
 
 
Compound 91 (100 mg, 0.163 mmol) and sodium hydrosulfide (13.7 mg, 0.245 mmol, 
1.5 equiv) were added to a two-neck round-bottom in the presence of DMF (30 mL). 
The mixture was stirred at room temperature under nitrogen. The reaction was 
monitored by TLC and completed within 1h. Thereafter, water (30 mL) was added to 
the mixture then the system was acidified by 6N hydrochloric acid to attain a value of 
pH 2 and extracted by CH2Cl2 (30 mL). The combined organic phases were washed 
with saturated brine three times and dried with sodium sulphate. Removal of solvent 
gave 95 mg crude product. Column chromatography of this crude product on silica 
with 1:1 CH2Cl2/hexanes (v/v) gave 88 mg (86%) light yellow solid of 92. 
MS (ion- trap): m/z = 651 [M + Na+]. 
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4.7 Synthesis of 2,4,6-tris-p-tolylsulfanyl-benzene-1,3,5-trithiol 
S
HS
S
S
S
S
CH2OCH3
H3COH2C
CH3CN, THF, H2O
AgNO3
rt
S
HS
S
SH
S
SH
92 77  
 
Compound 92 (100 mg, 0.16 mmol), silver nitrate (215 mg, 1.28 mmol), acetonitrile 
(20 mL), H2O (1 mL) and THF (20 mL) were added in a two-neck round-bottom flask. 
The mixture was stirred at room temperature overnight under nitrogen. Then THF and 
acetonitrile were removed under vacuum and water (20 mL), CH2Cl2 (20 mL) and 
NaSH (269 mg, 4.8 mmol) were added to the residue. The mixture was stirred for one 
additional hour and the precipitate formed was filtered off. The organic phase was 
washed three times with water and dried with Na2SO4. Removal of solvent gave 84 
mg crude product. Column chromatography of this crude product on silica with 1:4 
CH2Cl2/hexanes (v/v) gave 52 mg (60%) solid of 77. 
MS (ion- trap): m/z = 563 [M + Na+]. 
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4.8 Synthesis of 3,3'-(5-(3-oxocyclohexyloxy)-2,4,6-tris(p-tolylthio)-1,3-phenylene) 
bis(sulfanediyl)dicyclohexanone
SH
S
SH
S
HS
S
S
S
S
S
S
S
O
O
O
O
+ N N
NCl Cl
Cl
+
THF, H2O
45 C°
66 77
70
94
improved condition
 
 
Compound 66 (71 mg, 0.74 mmol), 77 (100 mg, 0.185 mmol), 94 (3.5 mg, 0.019 
mmol) H2O (0.5 mL) and THF (20 mL) were added in a two-neck round-bottom flask. 
The mixture was stirred at 45°C over night under nitrogen. Then the solvent was 
removed under vacuum and water (20 mL) and CH2Cl2 (20 mL) were added to residue. 
The organic phase was washed three times with water and dried with Na2SO4. 
Removal of solvent gave 140 mg crude product. Column chromatography of this 
crude product on silica with 2:1 CH2Cl2/hexanes (v/v) gave 75 mg (49%) yellow oil
of 70. 
MS (ion- trap): m/z = 851 [M + Na+]. 
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4.9 Synthesis of 3,3',3''-(2,4,6-tris(p-tolylthio)benzene-1,3,5-triyl)tris(sulfanediyl) 
tricyclohexanol 
S
S
S
S
S
S
O
O
O
S
S
S
S
S
S
OH
HO
OH
NaBH4, MeOH
70 71
0 °C
 
 
Compound 70 (100 mg, 0.12 mmol) and MeOH (20 mL) were added in a two-neck 
round-bottom flask. Thereafter, NaBH4 (77mg, 2.4 mmol) was added in flask at 0 °C. 
The system was stirred for about 30mins under nitrogen. Then the solvent was 
removed under vacuum and water (20 mL) and CH2Cl2 (20 mL) were added to residue. 
The organic phase was washed three times with water and dried with Na2SO4. 
Removal of solvent gave 96 mg (95%) 71 which was essentially pure.  
MS (ion- trap): m/z = 857 [M + Na+]. 
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4.10 Synthesis of 3,3',3''-(2,4,6-tris(p-tolylthio)benzene-1,3,5-triyl)tris(sulfanediyl) 
tris(cyclohexane-3,1-diyl) trimethanesulfonate 
S
S
S
S
S
S
OH
HO
OH
S
S
S
S
S
S
O
O
O
SO2Me
SO2Me
SO2Me
triethylamine,rt
CH2Cl2
MsCl
71
72  
 
Compound 71 (100 mg, 0.12 mmol), methanesulfonyl chloride (55mg, 0.48mmol) 
and CH2Cl2 (20 mL) were added in a two-neck round-bottom flask. Thereafter, 
triethylamine (54 mg, 0.54 mmol) was added in flask at 0°C. The system was stirred 
for about 30 min under nitrogen and then was acidified by 6N hydrochloric acid to 
attain a value of pH 2 and extracted by CH2Cl2 (30 mL). The organic phase was 
washed three times with water and dried with Na2SO4. Removal of solvent gave 118 
mg (92%) 72 which was essentially pure. 
MS (ion- trap): m/z = 1091 [M + Na+]. 
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Synthesis of a lipid-bound ligand of a [4Fe4S] hydrogenase for research on 
abiogenesis
 Ke Jiang, [a] Wolfgang Weigand, [b] Detlef Gabel *[a]
 
Abstract: The synthesis of a 
lipid-bound ligand of the [4Fe4S] 
hydrogenase model complex is 
described. The ligand, after reaction to 
the final hydrogenase complex, can be 
incorporated into liposomes, which 
serve as models for cell membranes and 
allow research on primitive bio-systems. 
The crucial synthetic steps were the 
choice of nucleophile for substitution of 
tribromo-trifluorobenzene and the 
choice of a benzoyl group instead of a 
methoxymethyl group as protecting 
group. 
Keywords: Abiogenesis • [4Fe4S] 
hydrogenase • Membranes • Lipids 
• Synthesis design
 
Introduction 
Life is characterized by compartmentalization, conversion of 
external energy sources to chemical energy, and reproduction. A 
crucial role lies in the utilization of energy and in replication by 
chemical entities. Abiogenesis is the theory that focuses on how and 
which of these chemicals first arose from non-living matter. 
Many theories and hypotheses about abiogenesis have been 
advanced, in any theory of which, metabolism, compartment and 
replication have to be accounted for. They differ, among other 
things, in the order in which the three characteristics of present-day 
life have emerged. Among them, the iron-sulfur world theory 
(metabolism without genetics) and the RNA world hypothesis 
(replication first) are two notable theories. 
In this paper, we have designed experiments based on the 
iron-sulfur-world theory, which was first advanced by 
Wächtershäuser.[1] In his theory it is proposed that early life may 
have formed on the surface of iron sulfide minerals which acted as 
catalysts to generate energy from simple inorganic compounds such 
as H2S. Because of the important role of compartmentalization in 
abiogenesis, we intended to construct a catalytically active 
iron-sulfur component which could be incorporated into liposomal 
membranes. We therefore attached a ligand for a [4Fe4S] 
hydrogenase model to a hydrophobic moiety to form lipid which 
could be incorporated into liposomes and used to mimic the function 
of a cell membrane: separate materials, allow selective exchange, 
store genetic messages. The cluster we chose has been investigated 
first by Holm; [2] the original cluster did, however, not have a 
suitable functional group for further conjugation.  
SSS
S S S
S
S
Fe
Fe
Fe
S
S
S
Fe
S
S
Cl
X
Ligand
Position modified
for attachment of 
lipid  
Figure 1. Structure of [4Fe4S] hydrogenase complex with position for attachment of 
lipid. 
As hydrophobic group, we chose ?,?-dialkylpicoline, onto 
which the cluster should be attached as headgroup. The picoline was 
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used previously by us to attach other headgroups and was shown to 
form liposomes alone and with helper lipids. [3] 
The chemical challenge of the synthesis of the ligand was the 
selective modification of one of the nine methyl groups, as shown in 
Figure 1. 
 
Results and Discussion 
We took the ligand of hydrogenase complex X described by 
Stack and Holm[2]  as the original moiety to modify, because the 
starting materials for synthesis are commercially available, and the 
most important reason is that it is easily further modified compared 
with other ligands of [4Fe4S] hydrogenase complexes.[2] In order to 
maintain the original property of the cluster and simplify chemical 
synthesis, we kept most of the groups in the structure, and modified 
selectively one of the three methyl groups in the toluene residues 
rather than one of the six methyl groups in the xylenes. The 
subsequent compound was attached as headgroup directly by 
alkylation of picoline to form the desired lipid. Our synthetic 
strategy for lipid 1 is based on the retrosynthetic analysis shown in 
Figure 2. The key steps of this synthesis are: nucleophilic 
substitution of halogen for constructing an asymmetric structure, 
and transformation of groups needed for attachment. The final 
protected ligand would be derived from 2, 5, and 6. The appropriate 
group transformations and substitutions lead retrosynthetically to 4. 
S
S
S
S
S
S
L N
S
O
S
O
S O
S
S
S
S
S
SS
O
S O
S
O
Br
F
Br
F
Br
F
N CH3 + n-C16H33Br
1
2
3
4
5 6
L= CH2 or CH2NHCOCH2
R= Protecting group
S
F
S
F
S
F
Br
R
R
 
Figure 2. Retrosynthetic analysis for novel lipid 1. 
The important intermediates 17 and 19 for the synthesis of the 
final novel lipid were investigated (Scheme 1). Briefly, one of the 
starting materials for synthesizing these units was 
1,3,5-tri-fluorobenzene 13 which was treated with Br2 to obtain 
compound 14.[4] Another starting material for synthesizing these 
units was prepared from 4-cyanophenol by substitution, 
rearrangement, deprotection and subsequent saltforming reaction 
with cuprous oxide to thiocuprate 11 in 55% yield over 4 steps.[5] 
For the rearrangement, we employed as catalyst 
bis(tri-tert-butylphosphine) palladium(0) rather than heating the 
compound directly (as described before[6]) because of improved 
yield and simplified purification. Thereafter, several conditions were 
investigated in hope to obtain compound 17 or 19.[7] Because of its 
asymmetrical structure, we initially attempted a two-step reaction to 
synthesize them through the intermediates 15 or 16. At first we 
treated 14 with different equivalents of 10 or p-mercaptotoluene; 
however, what we isolated were side products: F-substituted and 
F,Br-disubstituted products. In order to increase the selectivity for 
the key intermediates, we next transformed 10 and 
p-mercaptotoluene to thiocuprate 11 and 12 which we reacted with 
14. Luckily, what we obtained were the expected intermediates 15 
and 16. We then attempted to synthesize 17 by the same 
methodology as 15 and 16. Unfortunately, all attempts failed. 
Although we do not know the reason exactly, we presume that the 
electron-withdrawing property of the cyano group is the cause. The 
symmetrical compound 18 was obtained by treating 16 with 12 
using the methodology described above. 18 could be converted into 
the asymmetric compound 19 with stoichiometric amounts of NBS 
as bromination agent, and which could be easily converted into the 
following desired intermediates. 
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Scheme 1. Reaction sequence leading to 18 and 20
The synthesis of intermediate 23 required for the final product is 
shown in Scheme 2. Reaction of m-xylene with chlorosulfonic acid 
at 150 °C for 3h provided 21.[8] The reduction reaction was explored 
under various conditions. Although this step seemed not to pose any 
problem, because of several reported synthetic procedures of similar 
reactions,[9] attempts under condition of 1) Zn?HCl; 2) Zn, H2SO4; 
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3) SnCl2, HCl; did not give rise to the expected product 22, only 
with the condition of P/I2 in the presence of acetic acid could we 
obtain 22. [10] Actually, the subsequent synthetic step to 23 has been 
reported as well,[11] which is to protect both of mercapto groups first 
then deprotect selectively one of them with the help of NaSEt. By 
selecting different condition, we could obtain 23 directly (Table 2). 
With bases stronger than NaHCO3, disubstitution occurred. With 
NaHCO3, however, we could limit the reaction to monosubsitution. 
Although the yield is the same when we used 1.2 eq and 1.4 eq of 
ClCH2OCH3, we prefer using 1.4 equivalent of ClCH2OCH3, as all 
22 has reacted and thus made purification easier. 
CH3
CH3
ClSO3H
150?
H3C CH3
S S
O Cl
OO
OCl
P/I2
CH3COOH
H3C CH3
HS SH
20
21
22
H3C CH3
S SH
DMF, rt
O
23
H3C CH3
S SO O
Base
ClCH2OCH3
NaH NaSEt
23a  
Scheme 2. Reaction sequence leading to 23. 
 
Table 2. Investigation of the reaction conditions for the mono-substituted compound by 
ClCH2OCH3 leading to 23. 
 
 Base Eq of 
ClCH2OCH3 
Time (h) Product yield 
1 KOH 1 split-second / 
2 NaOH 1 split-second / 
3 K2CO3 1 6 / 
4 Na2CO3 1 6 
 
 
23a 
/ 
5 NaHCO3 1 12 50% 
6 NaHCO3 1.2 12 70% 
7 NaHCO3 1.4 12 
 
23 
70% 
 
Having established a convenient procedure for the construction 
of the tri-substituted part of the novel lipid, we next turned our 
attention to the preparation of 28, shown in Scheme 3, by 
nucleophilic substitution of fluorine. Because the benzylbromide 
unit will participate in nucleophilic reactions, we had to choose a 
protecting group for it. Initially, the protecting reagent we used was 
phthalimide which can be easily transformed to a primary amine 
useful for the following attachment. However, in the process of 
preparation, we succeeded in obtaining only a di-substituted product, 
and never got the desired compound, maybe because of the steric 
hinderance of phthalimide and its lability toward sodium hydride. 
Therefore, we chose the methoxy group instead of phthalimide, the 
sequential treatment with 4 eq, 8 eq, and 12 eq of 23 gave rise to 
mono-, di-, and tri-substitution, respectively. [7]  
After that we tried to transform the methoxyl group into 
bromine by boron tribromide, but the methoxymethyl unit of 23 
reacted as well. So we decided to replace the original protecting 
group by the Bz group first which is stable when treated in the 
condition described above. First silver nitrate was applied to obtain 
the silver salt 25; the Ag+ can be removed with NaSH.2H2O to give 
rise to the desired, oxidation-sensitive intermediate 26, which was 
reacted with benzoyl chloride without isolation. [12] The original 
synthesis of Holm used Hg salts, which we wanted to avoid. [7]  
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Scheme 3. Reaction sequence leading to 28 
Subsequent cleavage of the methyl ether with BBr3 gave 28 in a 
yield of 4.4% from 23. [13] 
With the important intermediate 28 in hand, we could 
investigate its reaction with ?,?-dialkylpicoline to give the desired 
product. Briefly, the intermediate 28 was treated ?,?-dialkylpicoline 
in the presence of acetone at reflux temperature to yield the final 
product 1 (Scheme 4), which was isolated as quaternary ammonium 
salt. The purification was completed by column chromatography. 
This step introduces also a positive charge, which will render the 
pyridine and its substituent into the desired headgroup, which is 
required for lipid bilayer formation 
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Scheme 4. Synthesis of the final product 
Conclusion 
The synthesis of a lipid-bound protected ligand of the [4Fe4S] 
hydrogenase complex was achieved, which can be applied for 
research on primitive bio-systems. The ?,?-dialkylpicoline, as novel 
hydrophobic moiety, was used in this case. In the process of 
synthesis, some preparations of known intermediates have been 
improved. A few potential causes for unsuccessful attempts were 
indicated. Complexation to the [4Fe4S] cluster, incorporation into 
liposomes and investigation of its redox behavior in aqueous 
liposomal suspensions is now in progress. The ligand prepared by 
might also be used for modification of other surfaces such as carbon 
nanotubes with the goal of hydrogen production; protein 
hydrogenases have already been attached covalently to them. [14] 
 
Experimental Section 
General. A Bruker Esquire spectrometer was used for electrospray mass spectrometry. 
NMR spectra were recorded on a Bruker DPX 200 spectrometer. Melting points were 
measured on a Büchi 512 melting point apparatus. Purity of the compounds was 
assessed by ESI mass spectrometry and 1HNMR. Chromatography was performed on 
63-200 mesh silica. 
O-(4-cyanophenyl) dimethylcarbamothioate 8. Compound 7 (300 mg, 2.52 mmol), 
potassium carbonate (695 mg, 5.04 mmol) and dimethylthiocarbamoyl chloride (320 mg, 
2.52 mmol, 1.0 equiv) were heated in acetonitril (15 mL) to 80 °C with mechanical 
stirring. The reaction was monitored by TLC and was completed within 2–3 h at 80 °C. 
The solid was filtered off and the filtrate was dried with Na2SO4. The solvent was 
removed under vacuum to give a 492.6 mg (94.9%) light yellow crude product; 
recrystallization from ethanol provided 472 mg (82.3%) of 8. 
S-(4-cyanophenyl) dimethylcarbamothioate 9. Compound 8 (250 mg, 1.213 mmol) 
was heated in toluene (15 mL) to 100 °C in the presence of bis(tri-t-butylphosphine) 
palladium(0)  (12 mg, 0.0234 mmol). The reaction was monitored by TLC and was 
completed within 2–3 h. The solvent was removed under vacuum to give a 237.5 mg 
(95%) light orange color crude product; recrystallization from CCl4 and hexane 
provided 207.5 mg (83%) of 9. 
4-Mercaptobenzonitrile 10. To the reaction mixture obtained in the previous reaction 
was added potassium hydroxide (2.0 g, 35.7 mmol) dissolved in methanol (15 mL). The 
mixture was stirred at reflux temperature for 3 h to completion of hydrolysis. MeOH 
was removed first and then the residue was acidified with hydrochloric acid to pH 2, 
and stirred well until the oil solidified. The precipitate formed was collected, washed 
with cold water, and dried to yield 110.15 mg (81%) of 4-cyanobenzenethiol 10 as a 
cream-colored solid. 
1,3,5-Tribromo-2,4,6-trifluorobenzene 14. Compound 13 (1.02 g, 7.74mmol) was 
heated to 120 °C in the presence of Fe filings (500 mg, 8.929 mmol). Bromine (6.238 g, 
39.48 mmol) was added dropwise to give a dark black solution. The mixture was stirred 
for 1.5 h at 120 °C. The reaction was monitored by TLC. After completion, 100 ml 
distilled water was added. The aqueous phase was extracted three times with methylene 
chloride (30 mL). The organic phase was washed with 10% aqueous NaOH (50 mL) 
and saturated brine (30 mL). The solvent was removed under vacuum to give a 2.272 g 
(88.75%) light brown solid of 14, essentially pure by TLC. 
1,3,5-Trifluoro-2,4,6-tris-p-tolylsulfanyl-benzene 18. A slurry of 4 p-tolylthiocuprate 
(485 mg, 2.6 mmol) and 15 (213 mg, 0.581 mmol) in DMF (30 mL) was maintained at 
140?°C for 36 h. The mixture was poured into 12 N HCl (10 mL) and ice (50 g) and 
extracted three times with diethyl ether (50 mL). The combined filtrates were washed 
twice with 10% aqueous K2CO3 (30 mL) and once with saturated aqueous NaCl (30 
mL) and dried over Na2SO4. Removal of diethyl ether gave a yellowish-white solid, 
recrystallization from 9: 1 hexanes/CHC13 (v/v) afforded 151 mg (53%) of pure 18 as a 
fluffy white solid. 
1,3,5-Trifluoro-2-(4-methoxymethyl-phenylsulfanyl)-4,6-bis-p-tolylsulfanylbenzene 
19. Compound 18 (99.6 mg, 0.2 mmol), N-bromosuccinimide (39.16 mg, 0.22 mmol, 
1.0 equiv) and benzoyl peroxide (45mg, 0.186 mmol) were heated in CCl4 (25 mL) at 
reflux temperature. The reaction was monitored by TLC and was completed within 5h. 
The solid was filtered off and the solvent of the filtrate was removed under vacuum. 
The residue was added to a round-bottom flask in the presence of NaOCH3 (16 mg, 
0.4mmol) and CH3OH (25 mL). The mixture was heated to reflux. The reaction was 
monitored by TLC and was completed within 4 h. MeOH was removed under vacuum 
to give a crude procuct. Column chromatography of this crude product with 1:60 ethyl 
acetate/hexanes (v/v) gave 23 mg (21.8%) of white solid 19.  
4,6-Dimethylbenzene-1,3-disulfonyl dichloride 21. Compound 20 (1.29 g, 12.17 
mmol) and chlorosulfonic acid (5 mL) were heated to 150 °C for 5h. The reaction was 
monitored by TLC. The solution was poured into 150 g of ice and the solid was filtered 
and washed by water then dried under vacuum to give 3.43 mg ( 93.5%) of light  grey   
solid of 21, essentially pure by TLC. 
4,6-dimethylbenzene-1,3-dithiol 22. Red Phosphorous (500 mg, 16.13 mmol), iodine 
(100 mg, 0.39 mmol) and CH3COOH (25 mL) were heated to reflux. Then 21 (1 g, 3.31 
mmol) was added in 20 portions over 40 mins. The mixture was refluxed for 2h. 
Thereafter, water (4 mL) was added to the mixture and reflux was continued for another 
hour. The reaction was monitored by TLC. The solid was filtered off and excess water 
was added to the filtrate to precipitate. The precipitate was filtered and washed with 
water and dried under vacuum. Column chromatography of this crude product with 1: 
20 CH2Cl2/hexanes (v/v) gave 292.6 mg (52%) white solid of 22.  
5-Methoxymethylsulfanyl-2,4-dimethyl-benzenethiol 23. Compound 22 (100 mg, 
0.588 mmol), sodium bicarbonate (74 mg, 0.88 mmol, 1.5 equiv) and chloromethyl 
methyl ether(66.27 mg, 0.8232 mmol, 1.4 equiv) were added to a two-neck 
round-bottom in the presence of  DMF (30 mL). The mixture was stirred at room 
temperature under nitrogen. The reaction was monitored by TLC and completed within 
12h. Thereafter, water (30 mL) was added to the mixture and extracted by CH2Cl2. The 
combined organic phases were washed with aqueous 20% NaOH (30 mL) then the 
aqueous phase was acidified by 6N hydrochloric acid to attain a value of pH 2. The new 
formed solid was filtered and then dried under the vacuum to give a crude oil. Column 
chromatography of this crude oil on 63-200 mesh silica with 1:40 CH2Cl2/hexanes (v/v) 
gave 88 mg (70%) oil of 23 
1-(4-Methoxymethyl-phenylsulfanyl)-2,4,6-tris-(5-methoxymethylsulfanyl-2,4-dime
thyl-phenylsulfanyl)-3,5-bis-p-tolylsulfanyl-benzene 24 To a slurry of dry NaH (66 
mg, 2.75 mmol) in THF (20 mL), 23 (558 mg, 2.61 mmol, 10 equiv) was added. After 
dihydrogen evolution subsided, the solvent was removed in vacuo. The gummy residue 
was dissolved in 1,3-dimethyl-2-imidazolidinone (DMEU) (30 mL), and 19 (130 mg, 
0.261 mmol) was added rapidly. The solution slowly changed to a red-orange color 
upon heating. The reaction mixture was stirred for 4 days at 85 °C. Most of the DMEU 
was distilled off in vacuum, and the residue was dissolved in diethyl ether (15 mL) and 
poured into a 10% K2CO3 solution (20 mL). The aqueous phase was extracted with 
diethyl ether. The organic layer was washed with 10% K2CO3 (20 mL) and saturated 
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sodium chloride solution (20 mL) and dried with Na2SO4. Column chromatography with 
toluene gave 124.57 mg (43%) yellow solid of 24. 
1-(4-Methoxymethyl-phenylsulfanyl)-2,4,6-tris-(5-benzoylsulfanyl-2,4-dimethyl-ph
enylsulfanyl)-3,5-bis-p-tolylsulfanylbenzene 27. Compound 24 (19 mg, 0.017 mmol), 
silver nitrate (23.3 mg, 0.137mmol) and 95% EtOH (20 mL) were added in a two-neck 
round-bottom flask. The mixture was stirred at room temperature over night under 
nitrogen. Then the EtOH was removed under vacuum and water (20 mL), CH2Cl2 (20 
mL) and NaSH (28.56 mg, 0.51 mmol) were added to residue. The mixture was stirred 
for one additional hour and the precipitate formed was filtered off. The organic phase 
was washed three times with water and dried with Na2SO4. After removal of Na2SO4, 
benzoyl chloride (2.39 mg, 0.017 mmol) and triethylamine (3.43 mg, 0.034mmol) were 
added to the dried organic phase. The mixture was stirred at room temperature under 
nitrogen. The reaction was monitored by TLC and completed within 10h. Removal of 
solvent gave a light yellow oil. Column chromatography of this crude oil with 2:1 
CH2Cl2/hexanes (v/v) gave 5 mg (23%) yellow solid of 27. 
1-(4-Bromomethyl-phenylsulfanyl)-2,4,6-tris-(5-benzoylsulfanyl-2,4-dimethyl- 
phenylsulfanyl)-3,5-bis-p-tolylsulfanylbenzene 28. Compound 27 (5 mg, 0.004 mmol) 
was dissolved in CH2Cl2 (10 mL) in a 25 mL round-bottom flask. BBr3 (1 mg, 
0.004mmol) was added to mixture. The reaction was monitored by TLC and completed 
within 20 mins. The solution was poured into 15g of ice. The organic phase was washed 
by water three times and dried with sodium sulfate. Removal of solvent gave 5 mg 
(96.4%) yellow solid of 28, essentially pure by TLC. 
4-(1-Hexadecyl-heptadecyl)-1-{4-[2,4,6-tris-(5-benzoylsulfanyl-2,4-dimethylphenyls
ulfanyl)-3,5-bis-p-tolylsulfanylphenylsulfanyl]-benzyl}-pyridinium bromide 1. A 
solution of n- butyllithium (24.6 mL, 2.5 M in 100 ml hexane) was added to a solution 
of dissopropylamine (8,854 mL) in dry ethyl ether (210 mL) at -15°C. After stirring for 
30 min, 4-picoline (4.75 g, 51 mmol) was added dropwise. The resulting red solution 
was stirred for 1h at –15°C and then a solution of 1-bromohexadecane (18.79 mL) in 
dry diethyl ether (20 mL) was added in one portion. The reaction was allowed to 
gradually warm up to room temperature and stirred overnight. Diethyl ether was added 
and the reaction mixture washed with 1 M NH4Cl solution, dried with Na2SO4 and 
evaporated to dryness with the water aspirator. The residue was further purified by 
recrystallization from acetone to give 8.93 g (32.3%) of ??. Then part of ?? (5.4 mg, 
0.01mmol) and 28 (9 mg, 0.0067 mmol) were added to acetone (10 ml) in a 25 ml 
round-bottom flask. The mixture was stirred at reflux overnight. Removal of solvent 
gave a crude product. Column chromatography of this crude oil with 100:2 
CH2Cl2/MeOH (v/v) gave 5 mg of the compound 1. 
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Deutsche Zusammenfassung 
 
Die Synthese eines lipid-gebundenen geschützten Liganden des [Fe4S4] 
Hydrogenase-Komplexes wurde erreicht. ?,?-Dialkylpicolin wurde as neuartige 
hydrophobe Einheit genutzt. Einige Präparationen von literaturbekannten 
Intermediaten wurden verbessert. Einige mögliche Gründe für nicht erfolgreiche 
Synthese wurden angegeben. Die Komplexierung des [Fe4S4] Clusters, Einbau in 
Liposomen und Untersuchung seines Redoxverhaltens in wässrigen liposomalen 
Suspensionen werden jetzt verfolgt. 
Ein synthetischer Zugang zu einem Vorläufer eines aliphatischen Liganden des [Fe4S4] 
Clusters wurde untersucht. Ein Vorläufer, Verbindung 72, wurde durch 
Michael-Addition, nucleophile Substitution und Reduktion erhalten. Nach 
Umwandlung zum endgültigen aliphatischen Liganden könnte er mit einem 
Eisen-Schwefel-Zentrum koordinieren, um einen neuartigen Eisen-Schwefel-Cluster 
zu erhalten, dessen katalytische Eigenschaften im Vergleich zum oben beschriebenen 
aromatischen Eisen-Schwefel-Cluster untersucht werden können. Die möglichen 
Anwendungen sind unter anderem in der Untersuchung primitiver Bio-Systeme und in 
funktionellen Materialien nach Einbau in Nanoröhren u.ä. 
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